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CAPSULE  PIPELINING  - THE  SYSTEM  AND  ITS  POTENTIAL 
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Summary 

The  work  at  the  Research  Council  of  Alberta  on  capsule  pipelining,  a commodity  trans- 
portation concept  comprising  the  movement  of  solids  in  liquid-filled  pipelines,  has  to  date  mainly 
been  concerned  with  the  hydrodynamics  of  the  system.  In  the  next  phase  the  entire  system  will 
be  investigated,  and  decisions  on  development  work  done. 

Capsule  pipelining  is  defined  and  a brief  history  of  the  work  performed  to  date  is  given. 

The  system  components  are  listed  and  the  present  state  of  the  art  is  assessed.  The 
development  work  required  in  each  sector  is  also  indicated. 

Potential  commodity  candidates  are  evaluated  in  technological  as  well  as  economic  terms. 

The  capsule  pipelining  of  solid  waste,  a particularly  application,  is  discussed  and  the 
results  of  four  case  studies  are  presented  in  summary  form. 

It  is  concluded  that  a successful  demonstration  line  is  required  before  commercial  inter- 
ests will  consider  the  implementation  of  capsule  pipelining. 
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1.  INTRODUCTION 


The  story  of  capsule  pipelining  from  its  inception  in  1958  to  the  present  has  been 
recorded  in  numerous  publications  (Ref.  1,  2).  Papers  dealing  with  various  aspects  of  capsule 
pipeline  hydrodynamics  have  also  been  included  in  the  Proceedings  of  Hydrotransport  1 and  2 
(Ref.  3).  It  may,  nevertheless,  be  in  order  at  this  point  to  very  briefly  recount  the  essentials  of 
this  commercially  untried  transportation  concept,  pioneered  by  staff  members  of  the  Research  Council 
of  Alberta. 


Capsule  pipelining  is  a transportation  system  in  which  solid  materials  in  the  form  of 
trains  of  cylinders  or  spheres  are  moved  in  a pipeline  filled  with  a carrier  liquid.  The  solid  bodies 
have  diameters  slightly  less  than  the  pipe,  and  cylinders  are  5 to  7 diameters  long.  The  carrier 
liquid  can  be  water,  hydrocarbons  or  anything  that  can  be  pumped.  It  has  from  the  outset  been 
found  that  transmission  energy  requirements  are  very  favorable.  Detailed  studies  since  then  have 
substantiated  this  finding  for  cylindrical  capsules  of  specific  gravities  up  to  1.5,  while  solids  with 
higher  densities  most  advantageously  are  moved  in  the  form  of  spheres.  It  has  also  been  found  that 
substantial  pressure  reductions  relative  to  those  observed  for  plain  cylinders  can  be  achieved  by 
placing  a thin  band  towards  the  front  end  of  the  capsules  (Ref.  4). 

According  to  the  way  they  are  manufactured,  capsules  can  be  divided  into  three 

categories: 

(a)  rigid  capsules,  examples  of  which  are  metals,  plastics,  sulphur  and  also  crude  oil 
transported  in  liquefied  natural  gas  (LNG).  Characteristically,  these  materials  are 
cast  into  spheres  or  cylinders  from  the  molten  state  and  transported  with  or  without 
a protective  coating,  depending  on  whether  the  solid  contaminates  the  carrier 
liquid  or  not.  Rigid  containers  filled  with  the  solid  also  belong  in  this  category. 

(b)  semi-rigid  capsules,  comprising  almost  anything  that  can  be  packaged.  These 
capsules  consist  of  a flexible  container  filled  with  the  solid  to  be  transported.  The 
container  can  be  plastic  or  metal  and  should  ideally  be  a material  that  can  be  sold 
or  disposed  of  at  the  terminal  end  of  the  pipeline,  or  at  the  destination  for  the 
solid. 

(c)  paste  slugs,  which  are  made  by  mixing  the  comminuted  solid  with  a liquid,  immis- 
cible with  the  carrier  liquid.  The  doughlike  paste  is  formed  into  cylinders  in 
extruders  and  inserted  into  the  pipeline  without  a protective  skin.  Examples  are 
coal  pasted  with  water  and  flowing  in  an  oil-filled  line,  and  potash  pasted  with 
potash  brine  and  flowing  in  either  oil  or  brine.  Sulphur  may  be  pasted  with  oil  and 
moved  in  a water-filled  line. 

The  work  on  capsule  pipelining  at  the  Research  Council  of  Alberta  has  been  under- 
written by  the  Government  of  Alberta  on  a continuous  basis.  Outside  financial  assistance  was 
obtained  on  three  occasions.  In  1967-68  the  Solids  Pipeline  Research  and  Development  Association 
(SPRDA)  sponsored  a feasibility  study  jointly  with  the  Government  of  Alberta  and  the  Federal 
Department  of  Industry,  and  in  1971  the  Federal  Ministry  of  Transport,  through  the  Transportation 
Development  Agency,  granted  a three-year  contract  for  the  purpose  of  developing  reliable  design 
equations  based  on  hydrodynamic  studies  in  experimental  pipelines.  In  late  1973  another  contract 
was  signed  between  the  R.C.A.  and  the  T.D.A.,  covering  work  on  a systems  analysis  of  capsule 
pipelining.  Much  valuable  help  has  also  been  received  throughout  this  period  from  companies  with 
an  interest  in  transportation. 
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2.  THE  CAPSULE  PIPELINE  SYSTEM 


As  the  end  of  the  current  contractual  work  on  hydrodynamics  draws  near  and  since  it  is 
already  apparent  that  a fair  degree  of  success  in  this  very  important  area  is  in  sight,  it  seems  reason- 
able to  appraise  other  parts  of  the  total  capsule  pipeline  system,  especially  those  problem  areas 
which  require  solutions  before  the  first  commercial  installation  can  be  designed  and  built. 

A complete  capsule  pipeline  system  comprises  the  following  major  components  and 

operations: 

(a)  Capsule  manufacture; 

(b)  Capsule  treatment  before  injection; 

(c)  Injection  machinery; 

(d)  Pipeline  hydrodynamics  including  determination  of  pipe  size  and  specifications; 

(e)  Pipeline  pumps; 

(f)  Booster  stations  and  by-pass  systems; 

(g)  Terminal  retrieval  systems; 

(h)  Terminal  liquid-solid  separation  and  recovery; 

(i)  Instrumentation  and  control  systems  including  safety  devices  and  trouble-shooting 
equipment. 

Availability  and  detailed  knowledge  of  all  these  components  are  necessary  before  a 
capsule  pipeline  system  can  be  designed  and  its  viability  assessed.  On  the  basis  of  technological 
solutions  to  these  problems,  it  will  be  possible  to  establish  a computer  model  that  accommodates  all 
the  parameters  and  variables  peculiar  to  capsule  pipelining.  The  model  will  reduce  all  factors 
involved  to  economic  terms  and  provide  answers  related  to  the  technical  and  economic  aspects  of  a 
given  capsule  pipeline.  It  will  thus  be  possible  to  evaluate  a specific  potential  application  before 
detailed  development  work  on  it  is  commissioned. 

3.  THE  STATE  OF  THE  ART 

While  most  of  the  work  to  date  has  centered  on  the  hydrodynamic  aspects  of  capsule 
pipelining,  a fair  amount  of  bench  scale  development  work  has  also  taken  place  on  many  of  the 
system  components  listed  above  (Ref.  5,  6,  7),  as  well  as  on  the  movement  of  real  commodities 
(Ref.  8,  9).  A summary  of  this  work  and  an  evaluation  of  the  state  of  the  art  of  each  system 
component  follow. 

(a)  Capsule  Manufacture. 

The  manufacture  of  capsules  at  the  required  rate  and  of  a quality  which  will 
withstand  the  rigors  of  pipeline  transportation  will  undoubtedly  be  a technological 
challenge  for  many  commodities.  To  illustrate  the  significance  of  the  required  rate: 
a 0.2  m diameter  line  operating  at  a bulk  velocity  of  1 .5  m/s  with  a 50%  volumetric 
linefill  of  a solid  of  specific  gravity  1 .36,  will  carry  very  close  to  1 million  t of  solids 
per  year.  If  the  capsule  diameter  is  85%  of  the  inside  diameter  of  the  line  pipe  and 
the  capsules  are  1 m long,  about  one  capsule  per  second  must  be  produced  in  order  to 
meet  these  specifications.  Or,  put  in  another  way:  the  string  of  capsules  must  emerge 
at  a velocity  of  3.6  km/hr.  This  is  a tall  order  but  not  an  impossible  one.  Cans  can  be 
produced  and  filled  at  this  rate,  and  extrusion  equipment  exists  which  can  produce 
paste  slugs  exceeding  it.  The  rate  at  which  capsules  have  to  be  produced  does,  however, 
limit  applications  of  capsule  pipelining  and  is  an  area  that  requires  close  attention  in 
future  development  work. 
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(b)  Capsule  Treatment  before  Injection. 

In  cases  where  no  container  or  skin  is  envisaged,  it  may  be  necessary  to  cover 
the  solid  with  a protective  coating  to  avoid  contamination  of  the  solid  as  well  as  the 
carrier  liquid.  Techniques  to  accomplish  this  do  exist  and  major  problems  in  this  area 
are  not  expected. 

(c) ,  (f)  and  (g).  Injection,  By-pass  and  Booster  Devices,  and  Terminal  Retrieval 
Systems. 

These  three  important  components  can  be  discussed  under  one  heading  due  to  a 
recent  breakthrough  in  machinery  development.  (Ref.  10.)  A bench  scale  model  of  an 
in-line  by-pass  and  booster  device  (Fig.  1)  has  been  developed  and  tested  successfully 
for  spherical  and  cylindrical  capsules.  The  essential  part  of  the  by-pass  is  a circular 
rotor  with  vanes.  The  off-line  booster  pump  is  connected  to  the  housing  of  the  by-pass 
in  such  a fashion  that  the  by-pass  assembly  is  pressure  balanced.  The  device  is 
characterized  by  total  absence  of  valves  and  the  capability  of  receiving  and  by-passing 
capsules  in  random  order.  The  principles  applied  overcome  one  of  the  major  technical 
hurdles  that  has  faced  long  distance  capsule  pipelining  from  the  outset. 

This  by-pass  and  booster  device  can  also  be  used  to  inject  capsules.  To 
accomplish  this  the  suction  line  to  the  booster  pump  is  connected  to  the  carrier  liquid 
reservoir  rather  than  to  the  by-pass  housing.  It  can  also  be  used  to  retrieve  capsules 
at  the  terminal  end  of  the  pipeline  by  connecting  the  pressure  line  from  the  pump  to  a 
reservoir. 

Earlier  developed  by-pass  systems  contain  a minimum  of  2 in-line  valves  and 
4 other  valves  and  the  operation  of  these  by-passes  are  dependent  upon  perfect  synchron 
ization  of  the  operation  of  these  valves,  as  well  as  exact  spacing  of  the  trains  or 
capsules  in  the  line,  conditions  very  difficult  to  design  for  and  meet  in  practice. 

(d)  Pipeline  Hydrodynamics. 

This  is  the  most  studied  and  most  advanced  area  of  capsule  pipelining.  Results 
of  the  work  performed  over  the  years  have  been  published  and  are  freely  available. 

(Ref.  1.)  The  three  year  program  mentioned  in  the  introduction  is  nearing  completion. 
Data  on  more  than  25,000  passes  in  four  pipelines,  ranging  in  diameter  from  1 .2  to 
25  cm  have  been  collected  and  processed,  and  final  reports  will  be  available  in  1974. 

An  important  result  has  been  the  formulation  of  a model  predicting  the  liquid 
velocity  for  a given  capsule  throughput  and  pressure  gradient  (Ref.  11).  This  is  an 
important  milestone  on  the  road  towards  predicting  both  pressure  gradient  and  liquid 
velocity  for  a given  throughput  of  solids.  This  ultimate  objective  does,  however,  requi 
knowledge  of  the  relationship  between  the  pressure  gradient  and  the  specific  gravity  of 
the  solid.  For  this  reason  a major  thrust  of  the  work  has  been  the  documentation  of  the 
profound  influence  on  the  pressure  gradient  of  the  roughness  of  the  capsule  and  pipe 
surfaces,  and  of  the  degree  of  lubrication  (Ref.  12).  But  no  general  design  equations 
covering  all  cylindrical  capsules  and  pipelines  are  possible  until  the  mutual  effect  of 
different  pipe  and  capsule  surfaces  on  the  pressure  gradient  can  be  generalized. 

The  absence  of  general  design  equations  does,  however,  not  preclude  the 
accurate  prediction  of  the  hydrodynamics  of  a specific  case  as  long  as  the  physical 
characteristics  of  that  case  are  known  or  can  be  measured. 
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(e)  Pipeline  Pumps. 


The  choice  of  off-line  booster  pumps  is,  contrary  to  other  solid  pipeline  systems, 
not  governed  by  the  presence  of  the  solid,  since  it  never  enters  the  pump.  Any  type  of 
pump  now  used  in  liquid  pipelining  can  be  considered  and  the  choice  of  type  will  be 
based  solely  on  the  required  pressure  and  throughput. 

(h)  Terminal  Liquid-Solid  separation  and  recovery. 

No  technical  problems  are  expected  in  this  area.  Almost  complete  separation  of 
the  pipeline  effluent  of  solid  and  liquid  can  be  achieved  with  a perforated  conveyor 
belt.  If  total  separation  is  mandatory,  it  can  be  achieved  with  steam  or  solvent 
treatment  following  initial  drainage.  If  water  is  the  carrier  liquid,  it  may,  for  ecologi- 
cal reasons,  be  necessary  to  purify  it  and  this  can  be  done  with  known  techniques. 

(i)  Instrumentation  and  Control . 

Modem  liquid  pipelines  are  computer-operated.  A capsule  pipeline  system  will 
be  operated  in  the  same  manner  and  the  automatic  control  techniques  employed  during 
the  hydrodynamic  studies  can  be  used  for  this  purpose.  The  primary  sensing  systems 
developed  and  now  used  in  the  experimental  pipelines  have  proven  very  useful  even 
though  they  cannot  be  claimed  to  be  perfect. 

These  techniques  can  also  be  used  as  a basis  for  safety  and  trouble-shooting 
programs.  How  far  one  wants  to  go  in  this  direction  is  largely  dependent  upon  the 
conditions  license-granting  authorities  decide  to  impose  on  the  operation. 

A considerable  amount  of  development  work  remains  to  be  done  in  several  areas,  but 
it  appears  that  the  entire  capsule  pipeline  system  can  be  built  by  adapting  available  equipment  to 
the  specific  needs  of  a given  application.  The  first  commercial  installation  will,  as  matters  now 
stand,  have  to  be  preceded  by  a full  scale  experimental  facility,  capable  of  demonstrating  not  only 
the  technological  feasibility  of  all  the  components  discussed  above,  but  also  able  to  provide  the  data 
needed  to  assess  the  economic  viability  of  the  project. 

4.  POTENTIAL  APPLICATIONS 

Assuming  then  that  a technologically  viable  pipeline  system  is  available,  it  may  be  use- 
ful to  take  a closer  look  at  the  solids  that  can  be  considered  potential  candidates.  Using  techno- 
logical criteria  only,  a reasonably  complete  list  looks  like  this  (no  significance  should  be  attached 
to  the  order  in  which  the  commodities  appear): 


Coal 

Containerized  supplies 

Sulphur 

Lead/zinc  concentrates 

Potash 

Copper  concentrates 

Gypsum 

Other  ore  concentrates 

Iron  Ore 

Asbestos 

Grain 

Aluminum 

Solid  Waste 

Wood 

Crude  Oil  in  LNG 

It  should  be  emphasized  that  with  a few  notable  exceptions,  most  of  these  solids  lend 
themselves  to  transportation  in  both  slurry  and  capsule  form.  The  fact  that  slurry  pipelining  now  is  a 
commercially  proven  technology  should  not  preclude  the  consideration  of  capsule  pipelining  in 
particular  cases,  but  an  evaluation  pf  the  comparative  merits  of  slurry  and  capsule  pipelining  is,  in 
any  event,  outside  the  scope  of  this  discussion. 
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Whether  the  capsule  pipeline  transportation  of  a solid  is  an  economically  attractive 
proposition  depend^  in  large  measure  on  the  physical  characteristics  of  the  solid  and  the  circum- 
stances pertaining  to  its  raison  d'etre  (quantity,  location  of  production  and  distance  from  market  or 
tidewater,  as  well  as  long-range  marketability  and  market  value). 

4.1  Grain 


Applying  economic  and  market  criteria  to  the  list  above  limits  the  number  of  commodity 
candidates  to  some  extent.  Grain,  for  instance,  can  only  be  pipelined  if  it  is  protected  from  the 
carrier  liquid.  Economic  considerations  dictate  that  the  encapsulating  material  must  be  non- 
returnable,  i.e.  either  cheap  enough  to  be  discarded  at  the  destination  or  usable  as  a basis  for 
further  processing.  Plastics  of  various  kinds  have  been  suggested  but  they  are  too  expensive  to 
dispose  of  and  the  volume  involved  is  too  large  for  any  one  market  to  absorb. 

If  is,  however,  technologically  feasible  to  suggest  a system  where  grain  is  delivered  to 
the  pipeline  in  non-returnable  aluminum  capsules,  which  can  be  produced  at  a cost  very  little 
higher  than  the  cost  of  aluminum  metal.  It  may  even  be  possible  to  persuade  farmers  to  accept  this 
system.  The  capsules  are  delivered  to  the  farm,  filled  in  the  field  and  then  travel  intact  all  the  way 
to  the  consumer  of  the  grain,  where  they  are  used  as  aluminum  raw  material.  One  obvious 
advantage  is  that  grain  is  delivered  as  clean  as  it  is  harvested.  The  storage  problems  that  now 
plague  the  movement  of  export  grains  are  also  eliminated  since  the  water-tight  capsules  can  be 
stored  in  the  open  at  the  origin  or  terminal  of  the  line.  But  there  are  obvious  flaws  in  the  scheme. 
The  most  devastating  drawback  is  perhaps  that  a steady  market  for  grain  is  non-existing  and  that 
there  are  only  few  markets  that  also  buy  quantities  of  aluminum.  Unless  long  term  contracts  can  be 
negotiated  with  the  customers  to  accept  fixed  amounts  of  grain  and  aluminum  on  a year-round  basis 
it  does  not  appear  very  promising  to  delve  further  into  the  details  of  a grain  capsule  pipeline. 

4.2  Minerals 


The  volume  of  production  of  the  minerals  mentioned  and  the  steady  markets  for  them 
make  these  commodities  prime  candidates  for  capsule  pipelining  (Ref.  1).  But  capsule  pipelining 
may  also  provide  solutions  to  the  transportation  problems  of  minerals  from  known  small,  short-lived 
deposits  that  cannot  be  exploited  economically  at  the  present  because  of  the  prohibitive  cost  of 
building  and  operating  roads  or  railways  to  them.  In  these  cases  portable,  and  if  needed,  insulated 
pipelines,  laid  on  the  surface  from  the  mine  to  the  nearest  existing  transportation  system  in  the  same 
manner  World  War  II  supply  pipelines  were  constructed  and  made  portable  at  low  cost,  may  make 
these  deposits  economically  attractive. 

4.3  Supply  Pipelines 

Similar  portable  capsule  pipelines  can  be  used  to  supply  contaminated  areas  in  case  of 
emergencies.  Canned  food  and  medical  supplies  can  in  this  manner  be  brought  in  with  a minimum  of 
personnel  involved. 

Permanent,  buried  pipelines,  carrying  standardized  cans  filled  with  a variety  of 
necessities  can  be  employed  to  supply  large  metropolitan  areas  and  will  serve  to  alleviate  truck 
traffic  on  the  increasingly  congested  streets  and  highways. 

4.4  Crude  Oil  in  LNG 


Another  rather  interesting  application  is  concerned  with  the  transportation  of  crude  oil 
and  natural  gas  from  deposits  in  Arctic  regions,  specifically  in  North  America.  Much  public  atten- 
tion has  been  focused  on  the  transportation  of  hydrocarbons  from  the  Arctic  to  the  South,  and  grave 
concerns  have  been  voiced  on  the  effect  pipelines,  and  especially  oil  pipelines,  may  have  on  the 
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ecology  of  the  North.  Aside  from  the  ecological  effect  of  an  oil  pipeline  there  is  also  concern 
about  the  technical  problems  arising  if  heat  dissipating  from  the  relatively  warm  pipeline  melts  the 
surrounding  permafrost  with  the  attendant  risk  that  the  foundation  of  the  pipeline  erodes  and  the  line 
consequently  breaks. 

As  applied  to  crude  oil  and  natural  gas  from  Arctic  regions,  capsule  pipelining  entails 
liquefaction  of  the  natural  gas  and  solidification  of  the  crude  oil  in  LNG  and  consequent  simultan- 
eous transportation  of  the  two  commodities  with  solid  crude  oil  moving  as  capsules  (or,  if  it  is 
preferred,  as  a slurry)  in  one  pipeline  where  LNG  serves  as  the  carrier  liquid.  (Ref.  9.) 

Liquefaction  of  natural  gas  is  an  established  technology  and  work  on  LNG  pipelines  is 
well  advanced  though  not  yet  commercially  used  on  a large  scale  (Ref.  13).  The  idea  of  applying 
capsule  pipeline  techniques  to  this  situation  is  feasible  because  of  the  very  low  solubility  of  crude 
oil  in  LNG. 


If  it  is  true  that  pipelining  of  Arctic  oil  and  gas  is  the  most  economical  established 
means  of  moving  this  much  needed  energy  to  market  (Ref.  14),  then  a thorough  assessment  of  this 
single  pipeline  proposal  should  be  pursued  as  soon  as  possible.  A preliminary  analysis  has  shown 
that  substantial  savings  in  capital  costs  are  possible.  An  added  bonus  is  that  the  delicate  permafrost 
areas  will  be  protected. 

4.5  Solid  Waste 


While  it  appears  possible  to  make  a case  for  the  application  of  capsule  pipelining  for 
each  of  the  listed  commodities,  one  particularly  promising  and  timely  example  has  been  chosen  for 
more  detailed  consideration. 

Concern  for  better  environmental  control  has  in  recent  years  focussed  attention  on  the 
handling  and  disposal  of  solid  wastes.  Improvements,  it  is  said,  must  be  introduced  in  order  to 
reduce  or  eliminate  waste  in  a rapidly  growing  urban  society  faced  with  increased  demands  on 
finite  amounts  of  raw  materials,  and  new  collecting  and  especially  disposal  techniques  are  required. 
To  improve  this  situation  it  is  suggested  (Ref.  15)  that  currently  used  surface  transportation  means  - 
trucks  or  trains  - can  be  replaced  with  a buried  or  mobile  pipeline  which  carries  the  compressed 
solid  waste  from  a transfer  station  to  a centrally  located  treatment  facility  or  to  an  incinerator  or 
land-fill  site  located  some  distance  from  densely  inhabited  areas,  A flow  diagram  of  the  proposal 
is  shown  in  Fig.  2. 

This  system  is  not  dependent  on  - but  can  work  with  - changes  that  may  be  introduced 
in  the  collection  system.  An  example  is  the  vacuum  collection  of  solid  waste  generated  in  house- 
holds. This  system,  which  has  been  perfected  in  Sweden,  is  uneconomical  over  long  distances,  but 
it  can  readily  be  combined  with  a capsule  pipeline. 

The  Swedish  proposal  is  especially  suitable  in  densely  populated  high-rise  apartment 
buildings  and  institutions.  But  it  is  not  readily  applicable  to  already  finished  buildings.  A wide- 
spread adoption  of  the  complete  system  is  therefore  not  likely  in  the  near  future,  but  the  replace- 
ment of  surface  transportation  with  a buried  capsule  pipeline  can  be  implemented  at  any  time. 

The  following  discussion  is  consequently  limited  to  the  transportation  of  solid  waste  in  a capsule 
pipeline  from  a transfer  station  to  ultimate  destination. 

It  should  be  noted  that  the  only  component  requiring  extensive  development  work  is 
the  cfassifier.  All  other  system  components  are  commercially  available  or  in  a stage  of  advanced 
development. 

The  composition  of  the  collected  household  waste  dumped  in  the  unloading  pit  varies 
somewhat  with  location  and  season  of  the  year,  but  a typical  average  North  American  composition 
is  as  follows: 
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Cardboard  7 % 

Newspaper  14 

Miscellaneous  paper  25 
Plastic  film  2 

Leather,  molded 
plastics,  rubber  2 

Garbage  1 2 

Grass  and  dirt  10 

Textiles  3 

Wood  7 

Glass,  ceramics, 

stones  1 0 

Metal  lies  8 

Total  100% 


This  raw  solid  waste,  which  arrives  in  bags  and  boxes  and  is  rather  inhomogeneous,  is 
conveyed  to  a commercially  available  shredder  with  a capacity  of  between  20  and  60  t/lir. 

One  effect  of  shredding  is  to  make  the  solid  waste  denser  and  more  homogeneous  and 
therefore  easier  to  compact  and  cover  at  the  landfill  site.  A small  amount  of  water  may  be  added 
to  the  waste  before  it  enters  the  shredder  in  order  to  reduce  the  risk  of  dust  explosions. 

The  solid  waste  from  the  shredder  is  not  yet  suitable  for  capsule  manufacture  since  that 
part  which  is  made  up  of  metals  and  glass  could  cause  excessive  wear  to  the  machinery  in  subsequent 
operations. 

Magnetic  separation  would  only  remove  part  of  the  objectionable  components.  It  is 
therefore  suggested  that  air  classification  be  used.  Intensive  development  work  on  this  process  is  in 
progress  in  several  centres  but  a satisfactory  solution  has  not  emerged  yet.  The  separated  heavy 
materials  might  conceivably  represent  an  economic  advantage  and  this  bonus  is  assumed  to  pay  for 
the  separation. 

The  remaining  80%-85%  of  the  solid  waste,  which  consists  mainly  of  paper,  leaves, 
plastic  and  similar  light  materials,  is  conveyed  to  a storage  bin  or  directly  to  the  hopper  of  the 
capsule-making  machine.  Available  hydraulic  baling  equipment  has  shown  considerable  promise 
and  it  appears  that  this  machinery  can  be  adapted  for  capsule  pipeline  purposes.  It  must  be  empha- 
sized that  the  success  of  the  system  hinges  on  the  smooth  and  efficient  performance  of  this  processing 
step.  The  most  important  areas  of  concern  are:  the  capability  of  the  machine  to  produce  coherent 
and  uniform,  compacted  capsules  at  the  required  rate,  its  ability  to  deliver  the  capsules  to  the  pipe- 
line against  the  anticipated  pressure  and  covering  the  capsules  with  a protective  coating,  which 
prevents  swelling  and  disintegration  in  transit. 

The  pipeline  proper  is  very  similar  to  conventional  pipelines.  It  will  be  buried,  or 
otherwise  protected  to  assure  frost-free  operation.  Bend  radii  will  be  specified  to  assure  unobstructed 
passage  of  the  capsules  and  specifications  for  roundness  will  also  be  somewhat  more  stringent  than  in 
conventional  pipelining.  Pump  capacity  and  motor  specifications  will  be  based  on  extensive  hydro- 
dynamic  data  generated  at  the  Research  Council  of  Alberta. 

Longer  pipelines  will  be  most  efficiently  utilized  in  round-the-clock  operation  as  is  the 
case  with  other  long-distance  pipelines.  Since  the  cost  differential  between  a 3-shift  and  1 -shift 
operation  has  been  found  to  be  small  in  the  cases  studied,  the  cost  estimates  shown  assume  that  the 
system  operates  one  shift  a day,  5 days  a week,  in  order  to  conform  with  present  collection 
practices. 
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The  capsules  are  separated  from  the  water  at  the  terminal  of  the  pipeline  by  passing  them 
over  a 30-60  m long  perforated  conveyor  belt,  equipped  with  a water  gathering  trough  underneath. 

If  compressed  air  is  used  to  blow  the  water  off  the  capsules  the  conveyor  belt  may  be  shortened  to  less 
than  15  m and  this  may  be  economically  advantageous  where  the  terminal  of  the  pipeline  has  to  be 
covered  and  heated  in  order  to  keep  it  frost-free.  Water  can  be  returned  through  a smaller  diameter, 
high-pressure  water  pipeline  or  drained  to  a pond  or  river  in  a frost-free  conduit. 

From  the  fixed  conveyor  belt  the  capsules  are  either  conveyed  to  an  incinerator  or  a 
reclamation  plant  or  are  carried  on  a movable  conveyor  and  deposited  where  desired,  if  landfill  is 
the  ultimate  disposal  method. 

4.6  Cost  Estimates 


Detailed  cost  estimates  of  solid  waste  capsule  pipelining  as  related  to  Canadian  condi- 
tions have  been  published  (Ref.  15),  and  the  results  are  illustrated  in  Fig.  3 and  show  that  solid 
waste  capsule  pipelining  is  viable  above  a certain  level  of  tonnage  and  distance.  The  cut-off  point 
appears  to  be  below  the  tonnages  and  distances  that  prevail  in  centres  like  Toronto,  Montreal  and 
Vancouver,  while  locations  like  Edmonton,  Hamilton,  Ottawa  and  Winnipeg  at  present  generate 
less  solid  waste  than  needed  to  justify  a pipeline.  However,  if  present  trends  towards  urbanization 
continue,  these  and  other  centres  will  soon  also  fall  into  the  category  that  could  benefit  economical- 
ly and  ecologically  from  the  installation  of  a solid  waste  capsule  pipeline. 

Using  the  case  studies  illustrated  in  Fig.  3 as  a basis,  a computer  model  has  been 
written  to  produce  the  desired  estimates.  The  model  will  be  expanded  to  accommodate  any 
commodity  that  may  be  considered  a potential  candidate  for  capsule  pipelining  and  will  also  have  a 
built-in  optimization  feature.  The  work  on  this  general  model  is  in  progress  and  details  are  there- 
fore not  available  at  this  time. 

5.  CONCLUDING  REMARKS 


Capsule  pipelining  is  not  a commercial  reality  and  there  appears  to  be  considerable 
reluctance  on  the  part  of  private  industry  to  venture  into  the  implementation  of  the  system  and  make 
it  a part  of  the  transportation  network.  It  has  not  yet  been  possible  to  show  convincingly  that  capsule 
pipelining  is  capable  of  solving  specific  problems  more  advantageously  than  existing  systems.  To  do 
this  requires  data  from  a demonstration  line  or  a full  scale  experimental  line.  These  data  will  make 
it  possible  to  evaluate  capsule  pipelining  reliably  against  accepted  commercial  standards.  The  onus 
to  provide  the  necessary  data  appears  to  be  on  the  proponents  of  capsule  pipelining,  rather  than  on 
the  industries  that  are  going  to  use  the  system.  The  problems  discussed  above  will  assist  in  defining 
and  outlining  the  development  work  needed  to  generate  the  data  and  it  is  hoped  that  funding  for  this 
work  will  be  forthcoming,  so  that  the  advantages  which  capsule  pipelining  offers  in  many  instances 
can  be  realized. 
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Fig.  2 Solid  Waste  Capsule  Pipeline  Flow  Diagram. 
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Fig.  3 Cost  comparison  of  solid  waste  capsule  pipelining  and  truck  transportation. 


The  technological  and  economic  basis  for  the  results  shown  are  provided  in 
Ref.  15. 

(a)  is  a 10  cm  capsule  pipeline  with  a velocity  of  1 m/s  carrying  150  t/8  hr. 

day,  a distance  of  13  km  within  a city,  coupled  with  a 7.5  cm  water 

return  line  running  at  0.75  m/s. 

(b)  is  a 10  cm  capsule  pipeline  with  a velocity  of  1 m/s  carrying  150  t/8  hr. 

day,  a distance  of  13  km  within  a city  and  35  km  outside  it,  coupled 

with  a 7.5  cm  water  return  line  running  at  0.75  m/s? 

(c)  is  a 20  cm  capsule  pipeline  with  a velocity  of  0.83  m/s  carrying  500  t/ 

8 hr.  day,  a distance  of  13  km  inside  a city  and  35  km  outside  it,  coupled 
with  a 15  cm  water  return  line  running  at  0.6  m/s. 

(d)  is  a 30  cm  capsule  pipeline  with  a velocity  of  1 .5  m/s  carrying  2000  t/ 

8 hr.  day,  a distance  of  13  km  within  a city  and  35  km  outside  it,  coupled 
with  a 20  cm  water  return  line  running  at  1 .4  m/s. 
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Friction  and  Surface  Roughness  Effects  in  Capsule  Pipelines 
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Summary 

In  pipeline  flow  the  pressure  gradients  for  cylindrical  capsules  differing  in  density  from 
the  carrier  liquid  are  influenced  by  the  interaction  between  the  surface  of  the  capsule  and  pipe 
walls. 


It  is  shown  that  pressure  gradients  for  capsules  at  the  point  of  incipient  motion  can  be 
calculated  directly  from  the  coefficient  of  friction.  For  moving  capsules,  however,  the  pressure 
gradients  are  a function  of  the  capsule  velocity,  the  surface  roughness  of  the  capsule  and  pipe 
walls  and  the  coefficient  of  friction.  Data  are  presented  to  show  how  capsule  pressure  gradients 
change  with  velocity  for  various  degrees  of  capsules  and  pipe  surface  polish.  This  change  is 
thought  to  be  due  to  a gradual  transition  from  solid-solid  friction  to  hydrodynamic  lubrication 
which  is  accelerated  by  polishing  of  the  surfaces. 
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Nomenclature 


d capsule  diameter,  (m) 

D pipe  inside  diameter  (m) 

F force  (N) 

k diameter  ratio,  d/D 

capsule  train  length  (m) 

Vc  capsule  velocity  (m.s”1) 


(AP/L)c  capsule  pressure  gradient  (N  m"3  rrf1 ) 


17  coefficient  of  friction 

p liquid  density  (kg  rrf3) 

a capsule  density  (kg  rrf3) 

Tc  shear  stress  on  capsule  wall  (N  m“3) 


T 

P 

g 


shear  stress  on  pipe  wall  (N  rrf3) 
acceleration  due  to  gravity  (9.8  m.s"3) 
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1.  INTRODUCTION 


The  concept  of  capsule  pipelining  as  a potential  method  of  solids  transport  has  been 
discussed  by  several  authors  (Ref.  1,  2,  3,  4).  When  the  solids  are  transported  in  the  form  of 
cylinders  which  are  denser  than  the  carrier  liquid  the  interaction  of  the  capsule  and  pipe  surfaces 
influences  the  capsule  pressure  gradient  to  a very  large  degree.  Fig.  1 is  a plot  of  the  capsule 
pressure  gradient,  presented  in  k Nrrf3  rrf1,  measured  in  a 102  mm  pipeline  as  a function  of  the 
capsule  velocity  for  a train  of  four  0.87  diameter  ratio  0.62  m long  cylindrical  capsules  loaded  to 
two  densities.  The  upper  curve  is  for  a train  loaded  to  a density  of  3000  kg  rrf3  and  the  bottom 
curve  is  for  the  same  train  loaded  to  a density  of  1030  kg  nf 3 . The  effect  of  decreasing  the  capsule 
to  pipe  surface  interaction  and  hence  the  capsule  pressure  gradient  by  decreasing  the  capsule  density 
is  shown  by  the  wide  spread  between  the  results  for  these  two  experimental  runs.  Reduction  of  this 
interaction,  however,  can  also  be  achieved  at  constant  density  by  modifying  the  capsule  and  pipe 
surface.  The  present  paper  relates  the  capsule  pressure  gradient  to  the  coefficient  of  friction  and 
provides  some  preliminary  results  to  show  this  effect  of  capsule  surface  at  constant  density. 

2.  FRICTION  MEASUREMENTS 


When  a cylindrical  capsule  is  carried  through  the  pipeline  by  the  liquid  the  pressure  drop 
between  the  tail  and  the  nose  of  the  capsule  causes  it  to  move  forward.  The  friction  force  resists 
this  forward  movement  while  the  shear  forces  at  the  capsule  surface  may  aid  or  deter  it,  depending 
upon  the  velocity  of  the  capsule  relative  to  the  surrounding  liquid.  When  the  capsule  is  stationary, 
at  the  point  of  incipient  motion,  the  pressure  and  shear  forces  act  to  dislodge  the  capsule  while  the 
friction  force  opposes  this.  A number  of  tests  were  made  to  measure  the  friction  force  on  a train  of 
capsules  in  a pipeline  and  to  compare  these  with  the  capsule  pressure  gradient  at  the  point  of 
incipient  motion.  The  experimental  results  were  all  obtained  from  a 102  mm  pipeline.  Details  on 
the  construction  of  and  the  data  acquisition  from  this  pipeline  were  discussed  in  previous  papers 
(Ref.  5,  6);  the  only  additional  equipment  is  a reeling  device  for  pulling  the  capsule  train  through 
the  pipeline  at  various  velocities  (Fig.  2).  A cable,  attached  to  the  capsule  train  in  the  pipeline, 
passed  through  the  end  of  the  pipeline,  over  a wheel  attached  to  a load-cell,  over  two  alignment 
wheels  and  then  was  wound  upon  a motorized  reel.  During  a friction  measurement  test  the  capsule 
train,  consisting  of  four  capsules  hooked  together,  was  pumped  to  the  beginning  of  the  pipeline  while 
the  cable  unreeled.  The  reel  was  then  engaged  and  the  capsule  train  was  pulled  through  the  pipe  to 
the  end  while  the  signal  from  the  load-cell  was  measured.  Previous  calibrations  of  the  load-cell  and 
wheel  arrangement  allowed  calculating  the  pulling  force  from  the  load-cell  signal.  These  measure- 
ments were  made  at  several  velocities  and  the  pulling  force  at  zero  velocity  was  obtained  by  extra- 
polation. The  capsule  pressure  gradients  for  the  same  train  were  measured  before  and  after  the 
pulling  tests  without  removing  the  capsule  train  from  the  pipeline.  This  procedure  was  followed  to 
retain  the  same  capsule  orientation  for  both  the  pressure  gradient  measurements  and  the  pulling  tests. 

3.  THE  PULLING  FORCE 


The  normal  force  between  the  capsule  and  the  pipe  wall  is  directly  related  to  the  buoyed 
capsule  density  and  the  volume  of  the  capsule: 

Fi  = \ d3  L c (a-p)  g 

The  pulling  force  may  be  expressed  in  terms  of  this  normal  force  and  the  coefficient  of  friction: 

F2  = | d2  L c (a-p)  , g (1) 

This  relationship  is  valid  only  when  the  capsule  is  moving  very  slowly.  At  the  higher  capsule 
velocities  the  effects  of  Couette  shear  add  additional  terms  to  the  above  relationship.  In  this  paper. 
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however,  only  the  pulling  forces  and  the  pressure  gradients  extrapolated  to  zero  capsule  velocity 
are  compared. 

4.  THE  PRESSURE  FORCE 


Neglecting  entrance  and  exit  effects  of  the  liquid  flowing  past  the  capsule,  the  pressure 
force  on  a capsule  is  made  up  of  two  components.  The  first  component  results  from  the  difference  in 
pressure  between  the  tail  and  the  nose  of  the  capsule  acting  on  the  capsule.  This  is  multiplied  by  the 
cross  sectional  area  of  the  capsule: 


(2) 


The  second  component  results  from  this  same  difference  in  pressure  causing  liquid  flow  in  the  annulus 
and  giving  rise  to  shear  stresses  on  the  pipe  and  capsule  walls: 


F4 


I (i£)=  Lc 


T TT  D L + T TTd  L 
p c c c 


Measurements  of  the  wall  shear  stresses  in  concentric  and  eccentric  annuli  reported  by  Jonsson  and 
Sparrow  (Ref.  6)  for  stationary  cores  in  pipes  show  that  Tc  is  approximately  equal  to  T . When 
these  are  assumed  to  be  equal  the  second  component  of  the  pressure  force  on  the  capsule  can  be 
found: 

Fs  = (F4  tc  77  d Lc  ) / (t  p 

For  Tr  = T 
c p 

AjA 

Wc 

The  total  pressure  force  on  the  capsule  is  obtained  by  adding  F3  and  Fs  : 

d2  +d  (D®  - d®)  / (D  +d) 
d (4) 

5.  EQUATING  THE  FORCES 


irOLc  +rc  irdLc) 


' 

L d 
c 

/ 

D + d 

Equating  the  pulling  force  to  the  pressure  force  and  assuming  that  lift  forces  on  the 
capsule  can  be  neglected  provides  a simple  method  for  predicting  the  capsule  pressure  gradient  at 
incipient  motion  from  the  coefficient  of  friction: 

F»=  '|  d3  Lc  (ff-P)  »g  = Fs  = | {^~jc  Lc  Dd 


or 


k (cr  - p)  77  g 


(5) 
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Table  1 shows  representative  results  of  pulling  tests  and  pressure  gradient  measurements  for  cylindrical 
capsules  in  a 102  mm  pipeline.  The  pulling  forces  were  measured  at  several  capsule  velocities  and 
extrapolated  to  zero.  Similarly,  the  capsule  pressure  gradients  were  measured  at  several  velocities 
and  also  extrapolated  to  zero  capsule  velocity.  The  four  lowest  capsule  densities  represent  trains  of 
4 butyrate  plastic  cylinders  in  a stainless  steel  pipe  while  the  highest  density  represents  a single 
stainless  steel  cylinder  in  a butyrate  plastic  pipe. 

As  shown  by  the  table  the  capsule  pressure  gradient  at  incipient  motion  as  measured  and 
as  predicted  from  the  coefficient  of  friction  obtained  by  a pulling  test  show  good  agreement.  The 
pressure  gradient  at  incipient  motion  is  useful  for  predicting  the  capsule  pressure  gradient  required  to 
start  stalled  capsules  in  a pipeline.  For  a stationary  capsule,  however,  the  coefficient  of  static 
friction  applies  while  the  coefficients  measured  in  these  tests  were  for  sliding  friction.  In  most  cases 
the  coefficients  of  static  or  sliding  friction  do  not  differ  greatly.  The  pressure  gradient  at  incipience 
also  relates  to  the  pressure  gradient  for  moving  capsules  as  will  be  discussed  subsequently. 

Lazarus  and  Kilner  (Ref.  8)  also  discussed  incipient  pressure  gradients  but  their  work 
included  both  entrance  and  exit  effects  and  lift  forces.  The  results  presented  here  suggest  that  the 
effect  of  these  is  only  minor. 

TABLE  1 

Predicted  and  Measured  Capsule  Pressure  Gradients  Extrapolated  to  V c = 0 


Pipe  Surface  * 

S.S. 

S.S. 

S.S. 

S.S. 

But. 

Capsule  Surface  * 

But. 

But. 

But. 

But. 

S.S. 

Capsule  Density 
(kg  rrf3 ) 

1125 

1250 

1500 

2000 

3000 

Liquid  Density 
(kg  m“3 ) 

999 

999 

999 

999 

999 

Diameter  ratio 

0.87 

0.87 

0.87 

0.87 

0.87 

Coefficient  of  friction 

0.25 

0.30 

0.22 

0.28 

0.40 

Predicted  pressure  gradient 
extrapolated  to  V =0 
(N  rrf3  rrf1 ) 

270 

630 

950 

2400 

6800 

Measured  pressure  gradient 
extrapolated  to  V =0 
(N  rrf 3 rrf1  ) 

290 

630 

1130 

2300 

6800 

* S.S.  = Stainless  Steel,  But.  = Cellulose  Acetate  Butyrate. 
6.  CAPSULES  IN  MOTION 


As  shown,  the  capsule  pressure  gradient  at  incipient  motion  can  be  predicted  fairly 
accurately  from  the  coefficient  of  friction.  Pressure  gradients  for  moving  capsules,  however,  are 
not  equal  to  the  pressure  gradient  at  incipience  but  vary  with  capsule  velocity.  In  addition,  as  the 
capsules  are  run  in  the  pipeline,  the  surface  in  contact  with  the  pipe  wall  can  change  in  roughness, 
causing  a change  in  the  measured  capsule  pressure  gradients.  Fig.  3 is  a plot  of  these  results 
presented  in  kN  rrf 3 m 1 . A single  smooth,  stainless  steel  capsule  loaded  to  a density  of 
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3000  kg  m’3  was  Inserted  Into  the  pipeline  after  which  the  capsule  pressure  gradient  was  measured 
as  a function  of  the  capsule  velocity.  These  data  are  represented  by  the  symbols  of  the  upper  curve 
in  the  Figure.  Upon  completion  of  these  measurements  the  capsule  was  shuttled  back  and  forth 
through  the  pipeline  at  a velocity  of  about  1 m s”1  for  a total  of  76  hours  after  which,  without 
removing  the  capsule  from  the  pipeline  or  disturbing  its  orientation,  the  capsule  pressure  gradients 
were  once  more  measured  as  a function  of  the  capsule  velocity  (middle  curve).  The  capsule  was 
then  removed  to  allow  for  recalibration  of  the  instruments.  The  capsule  did  not  rotate  in  the  pipe- 
line during  the  tests  since  the  centre  of  gravity  was  below  its  centreline.  The  bottom  surface  of 
the  capsule  closest  to  the  pipe  wall  during  the  tests  had  become  somewhat  polished.  The  capsule 
was  reinserted  with  the  polished  surface  at  the  bottom  and  then  shuttled  back  and  forth  through  the 
pipeline  for  an  additional  147  hours.  Similarly,  without  removing  the  capsule  from  the  pipeline, 
the  capsule  pressure  gradient  was  measured  again  as  a function  of  capsule  velocity.  The  data  from 
this  last  test  are  shown  by  the  symbols  of  the  bottom  curve  in  the  Figure.  The  pressure  gradient 
measurements  were  repeated  and  then  the  capsule  was  removed  from  the  pipeline.  The  surface  of 
the  capsule  closest  to  the  pipe  wall  during  these  tests  now  had  become  highly  polished  and  the 
width  of  the  polished  area  was  about  10  mm.  After  recalibration  of  the  instruments  the  capsule  was 
reinserted  into  the  pipeline  but  with  an  unpolished  part  of  the  capsule  surface  nearest  to  the  pipe 
wall.  The  capsule  pressure  gradients  were  measured  as  a function  of  the  capsule  velocity  and  with- 
out removing  the  capsule  these  measurements  were  repeated  once  more.  The  data  are  shown  in 
Fig.  4 where  the  bottom  curve  represents  the  highly  polished  capsule  surface  and  the  upper  curve 
represents  the  capsule  after  it  was  reinserted  into  the  pipeline  at  the  new  orientation.  Both  repeat 
tests  are  plotted  in  this  Figure.  The  repeatability  of  the  measurements  with  the  highly  polished 
surface  close  to  the  pipe  wall  was  good  but  for  the  tests  with  the  polished  surface  away  from  the 
pipe  wall,  the  repeat  measurements  (squares)  were  lower,  showing  the  effect  of  polishing  after  only 
an  hour  of  capsule  movement. 

During  the  experiments  the  capsule  surface  was  examined  each  time  the  capsule  was 
removed  from  the  pipeline  and  a qualitative  correlation  was  found  between  the  pressure  gradients 
measured  and  the  degree  of  polishing  of  the  capsule  surface  in  contact  with  the  pipe  wall.  During 
these  tests  the  smoothness  of  the  pipe  surface  was  not  examined  but  it  stands  to  reason  that  it  also 
became  polished  with  time.  Before  the  tests  started  the  capsule  surface  was  uniformly  smooth  around 
its  periphery  and  only  one  segment  10  mm  wide  became  polished  during  the  tests.  The  top  curve  of 
Fig.  3 and  the  top  curve  of  Fig.  4 both  represent  unpolished,  smooth  capsule  surfaces  near  the  pipe 
wall.  A comparison  of  these  data  shows  that  the  polishing  of  the  pipe  surface  for  approximately 
230  hours  of  running  between  the  first  (Fig.  3)  and  last  (Fig.  4)  experiments  which  represent 
similar  capsule  surfaces  has  indeed  given  rise  to  a lower  capsule  pressure  gradient. 

7.  LUBRICATED  CAPSULES 

The  results  reported  above  are  for  single  capsules  run  in  clean  water.  Fig.  5,  however, 
shows  results  from  a carrier  liquid  which  had  become  contaminated  with  fungi.  The  upper  curve 
represents  the  capsule  pressure  gradients  for  a train  of  four  0.87  diameter  ratio  stainless  steel 
capsules  loaded  to  3000  kg  m 3 and  run  in  the  102  mm  butyrate  test  section  in  clean  water.  The 
bottom  curve  is  for  data  from  the  same  capsule  train  but  run  in  contaminated  water.  During  these 
tests  the  pipe  surface  had  become  covered  with  a thin  coat  of  slippery  fungi  similar  to  that  found 
on  rocks  along  lakes  of  stagnant  water.  As  shown  by  the  Figure  the  effect  of  a slippery  coating  is 
to  reduce  the  capsule  pressure  gradient  very  significantly  both  at  incipience  and  over  the  whole 
range  of  capsule  velocities  tested. 

8.  DISCUSSION 

The  data  show  that  the  coefficient  of  friction  has  a pronounced  effect  on  the  capsule 
pressure  gradient.  The  pressure  gradients  for  the  stainless  steel  capsules  which  were  loaded  to  a 
density  of  3000  kg  m and  run  in  clean  water, all  extrapolate  to  approximately  6.8  kN  m~3  m”1 


G5-70 


at  zero  capsule  velocity,  in  spite  of  the  wide  divergence  at  the  higher  capsule  velocities  due  to 
the  effect  of  polishing.  This  was  the  value  of  the  capsule  pressure  gradient  at  incipient  capsule 
motion  predicted  from  the  friction  measurements  of  these  capsules  as  shown  in  Table  1. 

The  pressure  gradients  for  the  capsules  lubricated  by  the  fungi,  however,  extrapolated 
to  2.2  l<N  m 3 m"1  at  zero  velocity.  While  the  coefficient  of  friction  was  not  measured  for  these 
capsules  the  pressure  gradient  data  indicate  a change  in  this  coefficient  from  0.40  to  0.13  due  to 
the  lubricating  layer. 

The  pressure  gradients  for  moving  capsules,  which  vary  widely  with  capsule  density, 
velocity,  surface  roughness  and  coefficient  of  friction,  may  be  regarded  as  embracing  a spectrum 
of  interactions  between  the  pipe  surface,  the  capsule  surface  and  the  liquid. 

At  the  one  extreme,  when  the  capsule  is  stationary,  at  the  point  of  incipient  motion, 
there  is  solid-solid  contact  between  the  capsule  and  the  pipe  walls  and  the  theory  of  friction 
(Ref.  8)  applies  in  which  the  friction  force  is: 

1 . equal  to  the  coefficient  of  friction  multiplied  by  the  load  perpendicular  to  the 
surfaces, 

2.  independent  of  the  apparent  area  of  contact, 

3.  generally  independent  of  the  roughness  of  the  two  surfaces, 

4.  influenced  by  the  lubricating  quality  of  any  oxide  coating  or  contaminating 
film  on  the  solid  surfaces. 

At  the  other  extreme,  the  theory  of  hydrodynamic  lubrication  applies  when  a capsule 
with  a density  close  to  that  of  the  carrier  liquid  is  moving  fast  through  the  pipeline  and  the  solid 
surfaces  do  not  contact  but  are  separated  by  a thin  layer  of  liquid.  The  force  required  to  sustain 

this  movement  is: 

1 . directly  proportional  to  the  viscosity  of  the  liquid, 

2.  directly  proportional  to  the  velocity  of  the  capsule, 

3.  inversely  proportional  to  the  thickness  of  the  liquid  layer, 

4.  generally  independent  of  the  roughness  of  the  pipe  or  capsule  surfaces. 

Between  these  two  extremes  of  complete  solid-solid  contact  and  complete  hydrodynamic  lubrication 
there  is  a spectrum  of  mixed  lubrication  where  both  types  exist  simultaneously.  When  asperities 
on  the  solid  surfaces  break  through  the  lubricating  layer  of  liquid  and  rub  against  each  other,  the 
attendant  drag  due  to  the  local  coefficient  of  friction  is  very  much  higher  than  that  due  to  the 
shear  in  hydrodynamic  lubrication.  As  the  roughnesses  of  the  solid  surfaces  increase,  the  concen- 
tration of  local  areas  of  solid-solid  friction  also  increases,  raising  the  overall  drag  on  the  capsule 
and  hence  the  pressure  gradient.  However,  increasing  the  sliding  velocity  or  decreasing  the 
normal  load  (capsule  density)  or  the  surface  roughnesses  promotes  transition  from  solid-solid 
friction  to  shear  and  hence  lowers  the  capsule  pressure  gradient.  Any  change  therefore  of  the 
coefficient  of  friction  or  the  capsule  density  has  a direct  bearing  upon  the  capsule  pressure  gradient 
at  incipience  and  over  the  whole  range  of  capsule  velocities  tested.  Generally  the  surface  rough- 
ness effect  is  significant  only  when  the  capsule  is  moving. 

The  above  discussion  has  only  examined  the  influence  on  the  pressure  gradient  of  the 
forces  under  the  capsule  in  the  thin  clearance  between  the  capsule  and  pipe  walls.  Generally 
this  affects  the  capsule  pressure  gradient  most,  but  the  shear  stresses  on  the  capsule  periphery,  at 
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the  sides  and  at  the  top,  add  an  additional  term.  These  shear  stresses  increase  with  capsule  velocity 
and  this  explains  the  rise  in  pressure  gradient  with  capsule  velocity  for  capsules  with  densities  close 
to  that  of  the  carrier  liquid,  shown  for  example  by  the  bottom  curve  in  Fig.  1.  The  magnitude  of 
this  additional  term  in  the  pressure  gradient  is  further  discussed  by  Ellis  (Ref.  10). 

9.  CONCLUSION 

St  has  been  shown  that  for  cylindrical  capsules  the  pressure  gradient  required  to  start 
stalled  capsules  in  a pipeline  can  be  calculated  directly  from  the  coefficient  of  friction.  This 
coefficient  may  be  obtained  by  measuring  the  force  required  to  pull  the  capsule  through  the  liquid- 
filled  pipe.  The  capsule  pressure  gradient  for  moving  capsules,  however,  in  addition  to  being  a 
function  of  the  coefficient  of  friction  is  also  a function  of  the  capsule  velocity  and  the  surface 
roughnesses  of  the  capsule  and  pipe  walls.  A lubricating  layer  between  the  capsule  and  pipe  walls 
reduces  the  capsule  pressure  gradient. 
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Fig.  3 Data  from  a single  cylindrical  0.87  diameter  ratio  stainless  steel  capsule,  loaded 

to  3000  kg  m~3  and  run  in  a 102  mm  pipeline  through  a butyrate  plastic  test  section. 
The  upper  curve  represents  data  as  the  capsule  was  inserted  initially,  the  middle 
curve  after  shuttling  the  capsule  back  and  forth  for  76  hours  and  the  bottom  curve 
after  shuttling  the  capsules  back  and  forth  for  another  147  hours. 
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Fig.  4 Data  from  the  same  capsule  and  pipe  as  Fig.  3.  The  bottom  curve  shows  the  data 
(♦)  and  repeat  data  (•)  after  the  capsule  was  shuttled  back  and  forth  for  223  hours. 
The  upper  curve  shows  data  (A)  and  repeat  data  (■)  for  the  same  capsule  after 
its  orientation  was  altered  by  rotation. 
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Fig.  5 Data  from  a train  of  four  cylindrical  0.87  diameter  ratio  stainless  steel  capsules, 

loaded  to  a density  of  3000  kg  rrf 3 and  run  in  a 102  mm  pipeline  through  a butyrate 
plastic  test  section.  The  upper  curve  shows  the  data  with  clean  water  as  the  carrier, 
the  bottom  curve  shows  the  data  after  the  pipe  surface  had  become  covered  with  a 
thin  slippery  layer  of  fungus. 
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APPENDIX  C 


The  Effect  of  the  Density  of  Cylindrical  Capsules 
the  Pressure  Gradients  in  Capsule  Pipelines. 
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Summary 

The  pressure  gradient  in  a capsule  pipeline  is  composed  of  two  components,  one  of  which 
is  proportional  to  the  buoyed  density  of  the  capsules  and  is  strongly  affected  by  the  capsule- 
pipe  surface  conditions;  the  other  is  a function  only  of  the  capsule  velocity,  the  capsule  and  pipe 
diameters  and  probably  of  liquid  viscosity.  Both  components  may  be  found  for  any  particular 
surface  conditions  by  measuring  the  pressure  gradients  due  to  capsule  of  two  densities;  these 
allow  calculation  of  a specific  pressure  gradient  defined  as  the  increase  of  pressure  gradient 
per  unit  increase  of  density. 
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NOMENCLATURE 


k 

L 

P 

P 

V 

the  capsule/pipe  diameter  ratio 
length,  m 
pressure,  kN.rrT3 

specific  pressure  gradient,  N (kg)-1 
velocity,  m.s"1 

Subscripts 

b 

c 

o 

1 and  2 

bulk 

capsule 

0=0,  i.e.  a = p 
any  two  data  points 

Greek  letters 

P 

A 

P 

a 

buoyed  density  ( cr  - p),  kg.m"3 
differential  between  two  points 
density  of  liquid,  kg. m-3 
density  of  capsule,  kg.rrf3 
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1.  INTRODUCTION 


The  Research  Council  of  Alberta  has  published  a series  of  papers,  beginning  in  1963, 
describing  research  on  the  movement  of  spherical  and  cylindrical  capsules  under  the  influence  of  a 
liquid  pressure  gradient  (Ref.  1).  The  capsules  generally  slide  or  roll  along  near  the  bottom  of  the 
pipeline  and  are  intended  for  long-distance  transport.  Recently,  wheeled  vehicles  in  pipelines  have 
been  described  as  capsules  (Ref.  2,  3,  4)  and  this  has  proved  confusing,  since  the  latter  are  return- 
able, intended  for  relatively  short  distances  and  are  mostly  pneumatically  propelled,  a method  which 
appears  to  be  uneconomic  for  long  distances.  There  is  evidently  little  basis  for  comparison  between 
the  two  systems,  particularly  when  the  vehicles  are  intended  for  passenger  transport,  and  it  would 
be  helpful  if  the  wheeled  vehicles  could  be  distinguished  by  a different  name. 

In  January  1971  the  Canadian  Federal  Ministry  of  Transport,  through  the  Transportation 
Development  Agency,  granted  the  Research  Council  of  Alberta  a three-year  contract  to  develop 
reliable  design  equations  based  on  hydrodynamic  studies  of  true  capsule  pipelining  in  experimental 
pipelines  of  diameters  ranging  from  13  mm  to  254  mm  (J  to  10  in.).  The  present  paper  reports  the 
results  of  a study  of  the  effect  of  capsule  density  on  the  pressure  gradient  in  102  mm  (4  in.)  and 
254  mm  (10  in.)  experimental  pipelines. 

The  102  mm  pipe  is  24  m long  and  was  fitted  alternatively  with  butyrate  plastic  and 
stainless  steel  test  sections  (Ref.  5).  The  254  mm  pipe  is  122  m long  of  schedule  40  steel  pipe 
(Ref.  6).  Both  pipes  are  straight  and  level,  and  the  capsules  are  shuttled  back  and  forth.  Water  is 
generally  the  conveying  liquid,  but  the  viscosity  is  increased  for  some  tests  in  the  102  mm  pipe  by 
the  addition  of  polyglycol. 

In  the  design  of  a commercial  capsule  pipeline  the  velocity  of  the  capsules  is  readily 
calculable  from  the  required  throughput  of  solid  material,  together  with  trial  values  of  the  capsule 
diameter  and  percentage  linear  fill  of  the  pipeline.  In  practice  the  optimum  capsule  velocity  would 
be  selected  from  several  values  based  on  different  pipe  diameters,  by  considerations  of  power 
consumption  and  capital  cost.  The  power  consumption  in  turn  is  directly  related  to  the  pressure 
gradient  in  the  pipeline  and  the  bulk  velocity  (Q/A).  A paper  by  Kruyer  and  Ellis  (Ref.  7)  has 
developed  an  expression  for  the  bulk  velocity  when  the  pressure  gradient  and  the  capsule  velocity 
are  both  known,  and  in  the  current  Conference  Kruyer  (Ref.  8)  discusses  the  dependence  of  the 
pressure  gradient  on  the  roughness  and  lubrication  of  the  capsule-pipe  interface.  The  present  paper 
is  a contribution  to  the  calculation  of  the  pressure  gradient  directly  from  the  capsule  velocity  for 
given  interface  conditions. 

2.  THE  RELATIONSHIP  OF  PRESSURE  GRADIENT  TO  CAPSULE/PIPE  DIAMETER  RATIO. 


For  constant  capsule  density  and  interface  conditions  the  pressure  gradient  in  a given 
pipe  is  approximately  proportional  to  the  square  of  the  capsule/pipe  diameter  ratio,  k,  for  values 
of  k at  least  from  0.80  to  0.95.  As  an  illustration,  pressure  gradients  due  to  trains  of  three  diameters 
of  stainless  steel  capsules  in  the  stainless  steel  section  of  the  102  mm  pipe  have  been  divided  by  ks 
and  are  plotted  against  the  capsule  velocity  in  Fig.  1 . The  results  for  three  densities  are  shown, 
these  being  expressed  as  buoyed  densities,  /3  = (a  - p ),  which  determine  the  gravity  force  between 
the  stationary  capsules  and  the  horizontal  pipe.  Similar  data  for  three  diameter  ratios  and  four 
densities  of  capsules  in  the  254  mm  pipe  are  presented  in  Fig.  2. 

3.  THE  RELATIONSHIP  OF  PRESSURE  GRADIENT  TO  BUOYED  CAPSULE  DENSITY. 

The  correlation  between  the  pressure  gradient  and  the  diameter  ratio  allows  comparison 
of  the  effect  of  the  capsule  density  on  the  pressure  gradient,  at  various  diameter  ratios,  for  different 
surface  conditions.  However,  the  form  of  the  relationship  will  first  be  illustrated  for  rather  constant 
surface  conditions  by  reference  to  data  from  butyrate  plastic  capsules  in  the  102  mm  stainless  steel 
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pipe.  In  Fig.  3,  /k3  is  plotted  against  five  values  of  buoyed  density  for  capsule  trains  of 

three  diameter  ratios  moving  at  an  arbitrarily  selected  velocity  of  1.52  m . s' 1 . The  Figure  reveals 
that  the  average  (")*•  may  be  taken  to  be  linear  with  buoyed  density  at  this  velocity  and  the 
relationship  to  be  of  the  form 


where 


i ,e. 


("M"! 


a3  +(P/k3)^ 


the  pressure  gradient  of  a capsule  of  j3  = 0,  and  p/ks  is  the  slope  of  the  curve. 
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is  extrapolated  from  pressure  gradients  of  eccentric  capsules  it  represents 


the  pressure  gradient  due  to  capsules  skimming  the  bottom  of  the  pipe  without  solid  friction, 


In  Fig.  4 the  mean  line  of  Fig.  3 is  redrawn  (dashed),  and  data  from  the  remaining  two 
interface  conditions  in  the  102  mm  pipe  are  plotted.  These  relate  to  trains  of  stainless  steel  capsules 
in  the  stainless  steel  test  section  and  in  the  butyrate  plastic  test  section.  The  curve  for  the  latter  is 


linear,  like  that  of  Fig.  3,  and  passes  through  the  same  value  of 


("I  - 


= 0.  The  curve  for 


the  stainless  steel  capsules  in  the  stainless  steel  test  section  seems  to  follow  the  curve  of  the  same 
capsules  in  the  butyrate  section  up  to  a value  of  jS  = 62  (density  1 ,062  kg.m  3),  but  rises  more 
rapidly  at  increased  densities.  This  may  be  due  to  local  welding  of  the  surfaces  and  pick-up  of 
particles  of  the  opposite  surface  in  the  case  of  higher  capsule  densities,  which  occur  more  readily 
with  similar  metals  in  contact.  Greater  wear  was  noted  on  the  stainless  steel  capsules  in  the 
stainless  steel  section  than  when  they  were  run  in  the  plastic  section,  and  the  pick-up  of  particles 
was  noted  with  the  hollow  steel  capsules  of  buoyed  density  greater  than  500  kg.m  3 in  the  254  mm 
steel  pipe. 


A plot  similar  to  the  previous  two  Figures,  but  of  data  from  hollow  steel  capsules  of  all 
three  diameters  in  the  254  mm  pipe  is  presented  in  Fig.  5.  The  relationship  is  again  linear,  and 
even  though  Vc  = 1.52  m.s"1,  the  intercept  on  the  y axis  is  extremely  small,  indicating  that  nearly 
all  the  pressure  gradient  is  due  to  the  effect  of  the  capsule  density.  A dashed  line  has  been  drawn 
on  the  Figure  Joining  the  pressure  gradient  intercept  to  the  point  representing  the  pressure  gradient 
of  a train  of  similar  capsules  provided  with  collars  3.2  mm  thick,  102  mm  wide,  406  mm  from  the 
nose  (Ref.  9).  Though  the  provision  of  the  collars  has  been  successful  in  reducing  the  pressure 
gradient  by  about  80%  there  is  still  considerable  room  for  reduction  of  the  pressure  gradient  due  to 
the  effect  of  density.  It  may  be  mentioned  that  hollow  steel  capsules  gave  the  highest  pressure 
gradients  of  any  measured  in  the  254  mm  pipe;  even  capsules  wound  with  coarse  carborundum-type 
tape  gave  pressure  gradients  up  to  50%  lower. 

The  previous  Figures  have  all  presented  data  at  a capsule  velocity  of  1.52  m.s"1.  Fig.  6 
shows  data  for  the  largest  diameter  stainless  steel  capsules  in  the  butyrate  section  of  the  102  mm  pipe- 
line at  capsule  velocities  of  0. 30,  0.90,  1.52  and  2.13  m.s"1.  The  linearity  of  the  curves  is  main- 
tained, the  intercept  pressure  gradient  f or  j3  = 0 rising  with  Vc.  The  curves  cross  at  about  jS  = 125, 
and  at  higher  values  of  j3  the  pressure  gradient  falls  with  increasing  velocity.  This  is  a typical 
phenomenon  for  the  102  mm  pipe.  However,  in  the  254  mm  pipe  the  pressure  gradient  generally 
increases  with  velocity  throughout  the  density  range  as  shown  by  Fig.  7 where  data  are  plotted  from 
trains  of  diameter  ratio  0.90  at  capsule  velocities  of  0. 30,  0. 90,  1 . 52,  2.13  and  2. 74  m, s"1  . 
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4.  THE  SPECIFIC  PRESSURE  GRADIENT,  p 

The  slope  of  each  curve  of  / k3  vs.  /3  is  generally  rather  constant  for  one 

velocity  and  given  capsule-pipe  interface  conditions,  and  the  mean  slope,  p/k3  is  the  mean  rate  of 
increase  of  / k3  with  j3  for  those  conditions: 


pA3  = 


k3  ( f*  - 0 ) 

1 a 


0 ) 
a 


(2a) 


or  for  constant  liquid  density 


p = 


(n  - ( 


-1 


(a  - 


a ) 

3 


(2b) 


where  subscripts  1 and  2 refer  to  any  two  data  points,  and  p may  be  called  "the  specific  pressure 
gradient,"  defined  as  the  pressure  gradient  increase  for  unit  increase  of  or  O’  . 

Fig.  8 is  a plot  of  p against  Vc  for  the  stainless  steel  capsules,  diameter  ratio  0.935, 
tested  in  the  102  mm  butyrate  test  section.  The  plot  was  obtained  by  using  the  pressure  gradient  data 


of  the  densest  capsule  train  ( jS  = 2,000),  for 


(n 


in  equation  (2a),  and  substituting  data  from 


/AP\ 

capsule  trains  of  six  other  densities  for  j—j  and  jS  over  the  Vc  range.  The  resulting  six 

curves  lie  close  together  and  for  the  conditions  of  the  tests  the  mean  curve  shows  the  specific 
pressure  gradient  over  the  velocity  range.  Since  trains  of  diameter  ratios  0.867  and  0.935  fall  near 

a.  /APV 

the  same  I — — ! 


Y~|/k 3 , curve  (Fig.  4),  the  p,  Vc  curve  is  probably  valid  for  these  interface  condi- 


tions for  diameter  ratios  of  at  least  from  0.85  to  0.95,  the  range  of  interest  for  capsules. 
5.  USE  OF  THE  SPECIFIC  PRESSURE  GRADIENT 


The  component  of  the  pressure  gradient  due  to  density  for  any  untested  train  of  capsules, 

( $ = 0 to  2,000),  under  the  same  interface  conditions  can  be  found  by  multiplying  the  value  of  p at 
the  required  capsule  velocity  by  the  appropriate  value  of  /3,  (equation  1).  The  results  of  this  calcu- 
lation for  three  densities  of  the  capsules  of  Fig.  8 have  been  plotted  (dashed  curves)  in  Fig.  9 along 
with  the  measured  pressure  gradients.  The  difference  between  the  two  sets  of  curves  is  the  component 

of  the  pressure  gradient  due  to  the  liquid  shear  losses,  , (equation  1).  A curve  showing  the 

Mp\  V /° 

mean  values  of  (— r — J obtained  from  the  runs  of  all  the  densities  is  plotted  at  the  bottom  of  the 

V L /O  / £p\ 

Figure.  At  capsule  velocities  below  about  1.3  m.s"1,  (— j is  proportional  to  V^,  but  at  higher 
velocities  it  rapidly  becomes  approximately  proportional  to  V 3 The  average  values  of 

k3  are  very  similar  for  the  three  capsule-pipe  surface  combinations  of  butyrate  and  stainless 


("y 
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steel.  This  was  expected,  since  ^ results  from  shear  forces  on  the  top  and  sides  of  the  capsuh 

and  pipe  which  are  independent  of  /3  and  interface  surface. 

Pressure  gradients  due  to  capsules  of  untested  buoyed  densities  may  be  predicted 
directly  from  the  data  from  similar  capsules  of  two  other  densities  by  equation  (2b)  which  leads  to 


- P (cr  - o-  ) 
1 2 


(3) 


Knowing 


cr  and  p,  the  pressure  gradient  due  to  capsules  of  density  (J 

1 3 


may  be  calculated.  In  Fig.  10  the  pressure  gradients  of  Fig.  9 have  been  replotted  with  lines 
drawn  according  to  equation  (3)  to  show  the  type  of  agreement  attained.  Similar  results  are  obtained 
from  the  other  diameter  ratio  of  the  stainless  steel  capsules  in  the  butyrate  section  and  from  the  stain- 
less steel  and  butyrate  capsules  in  the  stainless  steel  section.  In  isolated  cases  the  difference  between 
the  measured  pressure  gradient  and  that  predicted  by  equation  (3)  for  the  same  surface  conditions  may 
be  ± 15%,  being  as  much  due  to  uncertainty  of  measurement  as  of  prediction,  but  the  average 
difference  is  of  the  order  ± 5%. 


In  Fig.  11,  p is  plotted  against  V Q for  data  from  the  254  mm  pipeline  for  a diameter 
ratio  of  0.95,  the  curves  for  the  other  two  diameter  ratios  being  similar.  Fig.  12  is  a plot  of  the 
pressure  gradients  of  three  densities  of  capsules  of  diameter  ratio  0.95  (symbols),  together  with  the 
pressure  gradients  calculated  from  equation  (3),  (lines). 

I are  very  small  at  low  velocities  in  the 
o 

254  mm  pipeline  and  in  fact  are  below  the  confidence  limits  of  the  measurements,  the  values  of  the 
measured  pressure  gradient  and  the  calculated  pressure  gradient  due  to  j3  being  very  similar.  For  the 
medium  and  low  velocities  anticipated  for  capsule  pipelining,  say  up  to  about  2 m.s"1,  the  pressure 
gradient  in  this  pipeline  may  be  taken  as  proportional  to  the  buoyed  density,  other  conditions  being 
constant. 


/AP 

As  indicated  previously,  the  values  of  f — j— 


6.  CONCLUSION 

The  division  of  the  pressure  gradient  into  two  components,  one  of  which  is  subject  to  the 
buoyed  capsule  density  and  the  capsule-pipe  surface  conditions,  and  another  that  is  independent  of 
these  parameters  draws  attention  to  the  possibility  of  reducing  the  pressure  gradient  by  reducing  the 
effect  of  solid  friction.  This  may  be  achieved  either  by  reducing  the  coefficient  of  friction  between 
the  capsule  and  the  pipe  or  by  increasing  the  lift  on  the  capsule  and  thus  decreasing  the  normal 
pressure  (Ref.  9).  The  result  is  to  lower  the  specific  pressure  gradient.  The  aim  of  future  work  is  to 
relate  different  surface  conditions  to  this  coefficient,  so  that  the  pressure  gradient  may  be  predicted 
from  the  capsule  velocity  alone  for  different  materials  and  measurable  capsule-pipe  roughnesses. 
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102  mm  stainless  steel  pipe 

FIG.  1 Correlation  of  pressure  gradients  for  diameter  ratios  0.805  , 0.866  and 
0.934  as  functions  of  capsule  buoyed  density  and  velocity. 
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FIG.  2 Correlation  of  pressure  gradients  for  diameter  ratios  0.85,  0.90  and 
0.95  as  functions  of  capsule  buoyed  density  and  velocity. 


FIG.  3 The  variation  of  correlated  pressure  gradient  with  buoyed  density  - three 
diameters  of  hollow  butyrate  capsules  at  Vc  = 1 .52  m.s”1  . 
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102  mm  stainless  steel  and  butyrate  pipes 


FIG.  4 Correlated  pressure  gradients  for  hollow  stainless  steel  capsules  in  both 

pipes  compared  with  those  of  the  butyrate  capsules  of  Figure  3:  Vc  = 1 .52  m.s“  . 


254  mm  steel  pipe 

FIG.  5 The  variation  of  correlated  pressure  gradient  with  buoyed  density  -?  three 
diameters  of  hollow  steel  capsules  at  V = 1 ,52  m.s’1  . 
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102  mm  butyrate  pipe 


FIG.  6 A plot  similar  to  Fig.  4 but  for  four  capsule  velocities  - stainless  steel 

capsules. 


254  mm  steel  pipe 


FIG.  7 Hollow  steel  capsules  at  five  velocities. 
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102  mm  butyrate  pipe 

FIG.  8 Specific  pressure  gradient  as  a function  of  the  velocity  of  stainless  steel 
capsules,  k = 0.935. 


102  mm  butyrate  pipe 


FIG.  9 Total  pressure  gradient  and  pressure  gradient 
due  to  density  (stainless  steel  capsules). 


FIG.  10  Predicted  and  measured  pressure 
gradients  of  stainless  steel  capsules. 
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254  mm  steel  pipe 


FIG.  11  Specific  pressure  gradient  as  a function  cf  the  velocity  of  hollow  steel  capsules. 


FIG.  12  Predicted  and  measured  pressure  gradients  of  hollow  steel  capsules. 


G3-42 


APPENDIX  D 


Minimizing  the  Pressure  Gradients  in  Capsule  Pipelines 


ABSTRACT 


The  pressure  gradients  due  to  cylindrical  capsules  were  reduced  by 
up  to  80%  by  providing  them  with  plastic  instead  of  steel  surfaces  or  by 
fitting  them  with  collars.  The  power  requirements  of  a capsule  pipeline 
depend  greatly  on  the  capsule  density,  and  if  the  capsules  were  constructed 
so  that  a third  of  the  volume  consisted  of  voids,  the  power  needed  to  transport 
two  teragrammes  (2  million  tons)/year  of  solid  with  a density  of  1500  kg.rrf3 
(S.G.=  1 .50)  in  a 254  mm  (10  in.)  pipeline  would  be  reduced  by  over  90%. 
The  pressure  gradients  and  power  required  to  transport  spherical  capsules  were 
generally  much  smaller  than  those  required  for  even  the  smoothest  cylinders  of 
the  same  specific  gravity. 


NOMENCLATURE 


A 

cross  sectional  area  of  pipeline 

3 

m. 

d 

capsule  diameter 

m 

D 

pipe  internal  diameter 

m 

k 

capsule/pipe  diameter  ratio,  d/D 

- 

L 

length 

m 

N 

number  of  capsules 

- 

P 

pressure 

kN.m": 

Q 

total  volumetric  flow  rate 

3 -1 

m .s 

V 

velocity 

m.  s"1 

Subscripts 

b 

bulk 

c 

capsule 

f 

fluid 

t 

total 

Greek  letters 

P 

buoyed  density  = (J  - p 

kg.  m-3 

A 

differential  between  two  points 

P 

density  of  liquid 

kg.m-3 

a 

density  of  capsule 

kg.  m”3 

INTRODUCTION 


The  pipelining  of  solids  is  accepted  world-wide  as  a means  of  transporting 
suitable  materials,  but  in  Canada,  where  remote  resources  and  great  distances  would 
seem  to  create  ideal  conditions,  only  relatively  short  solids  pipelines  are  in  operation 

Ll]. 

The  four  pipeline  systems  transporting  coal  in  U.S.A.,  France  and  Poland 
for  distances  of  8 to  440  km  ,and  the  twenty  or  so  pipelines  transporting  other  solids 
for  distances  up  to  90  km  [1  ] all  pump  the  solid  in  slurry  form.  Capsule  pipelining 
is  a potential  method  of  transport  in  which  the  solid  is  moved  as  cylinders  or  spheres 
of  diameters  85-95%  of  that  of  the  pipeline.  The  solid  may  be  enclosed  in  a protective 
skin  if  necessary,  or  formed  directly  by  casting,  compressing,  etc.  Finely  ground  coal 
has  been  pasted  with  water  and  successfully  transported  as  extruded  cylinders  in  a 
102  mm  (4  in.)  oil-filled  pilot  pipeline  [2],  All  such  forms,  whether  cylindrical  or 
spherical,  with  or  without  a protective  skin,  are  known  as  capsules  [3 ]. 

Capsule  pipelining  is  not  yet  commercially  established  and  the  determination 
of  its  commercial  viability  is  the  object  of  on-going  research  at  the  Research  Council  of 
Alberta  [4l  In  January,  1971  the  Canadian  Federal  Ministry  of  Transport,  through  the 
Transportation  Development  Agency,  granted  the  Research  Council  of  Alberta  a three- 
year  contract  for  the  purpose  of  developing  reliable  design  equations  based  on  hydro- 
dynamic  studies  of  capsule  pipelining  in  experimental  pipelines  ranging  in  diameter 
from  16  mm  to  254  mm  to  10  inches).  The  work  is  also  supported  by  the  Government 
of  Alberta.  The  present  paper  summarizes  the  experimental  data  to  mid-1973  while 
Kruyer  and  Ellis  [5]  , as  part  of  the  same  project,  have  presented  a theoretical  analysis 
of  the  flow  of  cylindrical  capsules.  This  analysis  leads  to  predictions  of  the  liquid 
velocity  associated  with  a given  solid  throughput  and  pressure  gradient;  from  this  the 
power  required  may  be  calculated. 

Capsules  offer  advantages  over  other  methods  of  transport  in  many  specific 
situations;  one  of  these  is  the  disposal  of  solid  waste.  It  has  been  claimed  that  trucks 
could  be  replaced  by  a buried  pipeline,  with  the  compressed  solid  waste  being  trans- 
ported as  cylindrical  capsules  [6].  The  large  proportion  of  paper  included  in  garbage 
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which,  unless  compressed,  expands  greatly  on  being  wetted,  makes  slurry  transporta- 
tion much  less  feasible.  Examples  of  commodities  for  which  capsules  would  be  essential 
for  pipeline  transport  are  containerized  transport  of  canned  foods  or  wheat,  possibly  for 
direct  transfer  to  shipboard,  asbestos,  which  demands  retention  of  the  fibre  lengths,  and 
frozen  crude  oil  in  liquefied  natural  gas. 

THE  PIPELINES 

Facilities  exist  at  the  Research  Council  of  Alberta  for  four  experimental 
capsule  pipelines  about  25  m long  of  diameters  from  16  mm  to  102  mm  in  which  the 
capsules  can  be  shuttled  back  and  forth  L 7 ] . Of  these  the  smallest  and  the  largest 
have  so  far  been  built  and  tested,  and  both  butyrate  plastic  and  stainless  steel  test 
sections  have  been  employed.  A 254  mm  (10  in.)  shuttle  pipeline,  122  m long,  of 
schedule  40  steel  pipe  has  also  been  constructed  on  a field  site  [ 8 ] and  used  extensively. 
Water  is  generally  the  conveying  liquid  in  all  the  pipelines,  but  for  some  tests  the  viscos- 
ity is  increased  by  the  addition  of  polyglycol. 

Each  pipeline  consists  of  a straight,  uniform  length  of  pipe  provided  with 
pumps,  flowmeter  and  valves  so  arranged  that  the  liquid  and  capsules  may  flow  in 
either  direction.  The  test-section  is  equipped  with  pressure  taps  and  differential  pressure 
transducers  for  pressure  drop  measurement  and  photocells  for  measuring  the  capsule  velocity. 

Each  of  the  pipelines  may  be  operated  manually  or  by  a small  computer 
(PDP8S)  programmed  to  select  the  required  liquid  velocities  sequentially.  In  either  case 
the  computer  records  the  pressures,  times  the  capsule  between  the  photocells  and  calcu- 
lates the  capsule  and  liquid  velocities.  Further  calculations  are  performed  by  a larger 
computer.  Full  details  of  experimental  equipment,  techniques  and  procedure  are  given 
in  references  7 and  8. 

THE  CAPSULES 

1 . Cylinders 

The  cylindrical  capsule  shells  were  made  of  tubing  or  pipe  fitted  with  end 
caps,  using  0-ring  seals.  In  the  smaller  pipelines  the  cylinders  were  either  0.30  m 
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or  0.60  m.  long,  run  in  trains  of  four  capsules,  and  the  tubing  was  of  stainless  steel 
or  butyrate  plastic.  In  the  254  mm.  pipeline  the  shells  were  1.22  m.  lengths  of 
standard  steel  pipe,  and  up  to  five  capsules  were  run  in  trains.  In  all  the  pipelines 
the  capsules  were  of  various  diameters  to  give  capsule/pipe  diameter  ratios  of  from 
0.80  to  0.95.  The  shells  were  weighted  with  steel  rods  to  give  a routine  range  of 
densities  from  1000  to  1500  kg.nrf 1 *  3,  (see  conversions.  Table  1),  and  other  densities  from 
750  to  3000  kg.m  3 were  also  tested.  The  experimental  capsules  were  made  in  this  way  for 
convenience  and  only  represent  future  commercial  capsules  in  size  and  density.  Commercial 
capsules  will  be  fabricated  directly  from  the  material  to  be  transported,  e.g.  by  casting  or 
compression,  or  will  consist  of  the  product  surrounded  by  a protective  skin. 

2.  Spheres 

Trains  of  spheres  also  were  run  in  the  102  mm.  (4  in.)  and  254  mm.  (10  in.) 
pipes  which  were  levelled  to  better  than  ± 1/4000  to  avoid  measurement  errors  due  to 
slope.  For  the  102  mm.  pipe,  hollow  spheres  were  machined  from  PVC  to  a diameter 
ratio  of  0.935  - 0.002.  Single  spheres  and  trains  of  2,  5,  and  10  were  run  at  six 
densities  from  1550  to  4330  kg.m"3  . The  spheres  usually  appeared  to  have  gaps  of  less 
than  half  a diameter  between  them. 

In  the  254  mm.  pipe,  trains  of  solid  cast  aluminum  and  cast  iron  spheres  of 
much  wider  tolerances  were  run  at  diameter  ratios  of  0.85,  0.90  and  0.95,  the 
spheres  being  ground  to  remove  high  spots.  The  stationary  trains  with  the  spheres  in 
contact  were  made  as  nearly  as  possible  the  same  lengths  as  those  of  the  cylinders, 
viz.  1.22,  2.44,  3.66,  4.88  and  6.10  m. , but  the  spheres  spread  out  somewhat  when 
in  movement.  The  gap  between  the  aluminum  spheres  averaged  half  to  one  diameter, 
while  the  iron  spheres  often  seemed  to  be  in  contact,  especially  in  the  rear  half  of 
the  train. 

DATA  REDUCTION 

1 . Pressure  Gradients 

The  pressure  gradients  due  to  the  liquid  were  obtained  by  dividing  the 

pressure  differentials  when  only  liquid  was  flowing,  by  the  distance  between  the  pres- 
sure taps.  Since  experimental  trains  usually  do  not  fully  occupy  the  distance  between 
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the  pressure  taps  the  pressure  differentials  measured  with  capsules  present  were  con- 
verted to  represent  pressure  gradients  due  to  a continuous  train  between  the  taps.  For 
example,  if  in  a particular  case  60%  of  the  distance  between  the  pressure  taps  was  filled 
by  liquid,  60%  of  the  pressure  differential  for  liquid  alone  was  subtracted  from  the 
pressure  differential  measured  while  the  capsule  train  moved  between  the  pressure  taps; 
the  result  was  then  divided  by  the  train  length  L 9]  . While  strictly  speaking  this  pro- 
cedure is  not  rigorous,  ignoring  as  it  does  changes  in  flow  patterns  due  to  different 
capsule  spacings,  the  method  has  been  justified  many  times  experimentally  by 
testing  steadily  increasing  numbers  of  capsules  under  the  same  conditions,  the 
data  for  a long  train  being  very  similar  to  those  for  one  or  two  capsules. 

2.  Bulk  velocity 

The  bulk  velocity  is  defined  as  (Qc  + Q^.  )/A  where  is  the  volumetric 
rate  of  capsules  injected  into  the  pipeline,,  Qp  measured  by  the  flowmeter,  is  the 
volumetric  rate  of  liquid  injected,  and  A is  the  cross  sectional  area  of  the  pipe.  In  the 
experimental  pipelines  no  capsules  are  injected  while  the  measurements  are  taken,  and 
hence  is  zero.  The  total  flowrate  is  therefore  equal  to  and  is  constant  at  any 
section  of  the  pipeline,  whether  it  contains  liquid  alone  or  capsules  and  annular  liquid, 
is  then  the  mean  liquid  velocity  in  capsule-free  sections  of  the  pipeline  and  also 
the  bulk  velocity  of  capsules  and  annular  liquid  in  the  capsule-filled  sections. 

3.  Buoyed  density 

The  gravitational  force  exerted  on  the  pipe  by  a stationary  capsule  is  pro- 
portional to  the  density  of  the  capsule  (ct)  minus  that  of  the  liquid  (p),  i.e.  to  the 
buoyed  density  of  the  capsule  j3  = (cr  - p).  When  water  is  the  transporting  liquid,  as 
in  the  experimental  work  reported  here,  the  density  of  the  solid  = 1000  + 0 . 

THE  PRESSURE  GRADIENTS  OF  CYLINDRICAL  CAPSULES 

1 . Variation  with  liquid  velocity,  diameter  ratio  and  capsule  density. 

It  is  one  of  the  attractive  features  of  cylindrical  capsules  that  an  increase 
of  liquid  velocity  rarely  increases  the  pressure  gradient  to  the  extent  that  it  does  with  a 
slurry  or  a liquid,  and  sometimes  even  decreases  it.  Therefore  in  commercial  practice 
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the  solid  throughput  could  generally  be  increased  as  required  by  increasing  the  liquid 
velocity,  without  creating  problems  due  to  increased  pressure  losses. 

The  variations  of  pressure  gradient  with  bulk  velocity  for  trains  of  three 
diameters  and  three  densities  of  stainless  steel  cylinders  in  the  102  mm  stainless  steel 
test  section  are  shown  in  Figure  1 . The  pressure  gradients  have  been  divided  by  the  square 

of  the  capsule/pipe  diameter  ratio,  k,  to  show  that  for  one  density  the  pressure  gradients 
are  closely  proportional  to  k2  . The  consistency  of  these  data  suggests  that  similar  pipe 
and  capsule  conditions  existed  throughout  these  runs  and  that  the  comparison  of  the  data 
is  not  invalidated  by  varying  frictional  effects  (see  section  2 following).  Similar  pressure 
gradient  relationships  for  four  densities  and  three  diameters  of  trains  in  the  254  mm  pipe 
are  illustrated  in  Figure  2.  The  relative  constancy  of  the  pressure  gradient  with  through- 
put for  a given  value  of  is  noticeable;  the  pressure  gradients  in  both  pipelines  are 
approximately  proportional  to  j3,  but  a more  accurate  relationship  is  developed  in  refer- 
ence 10. 

2.  The  importance  of  capsule-pipe  surface  interaction. 

One  of  the  major  results  of  the  investigation  is  the  documentation  of  how 
greatly  the  pressure  gradients  of  cylindrical  capsules  can  be  changed  by  the  state  of  the 

capsule  and  pipe  surfaces  [11].  Figure  3 shows  the  effect  of  polishing  a single  stain- 
less steel  capsule  by  running  it  for  extended  periods  in  the  butyrate  test  section  in  the 
102  mm.  pipeline.  The  data  of  the  upper  curve  were  taken  at  the  beginning  of  the 
tests.  The  capsule  was  then  run  back  and  forth  for  76  hours  before  the  measurements 
shown  by  the  middle  curve.  The  polishing  was  then  continued  for  another  147  hours 
before  the  measurements  of  the  lower  curve.  An  examination  of  the  capsule  showed 
that  it  was  highly  polished  on  the  high  spots.  The  pipe  was  not  examined,  but  it  must 
also  have  become  polished  during  the  tests.  The  reduction  of  the  minimum  pressure 
gradient  by  over  80%  indicates  that  in  the  original  conditions  the  surface  interaction 
was  very  high. 

The  capsule  pressure  gradient  was  also  considerably  reduced  by  improving 
the  lubrication  of  the  capsule-pipe  interface  [11],  The  upper  curve  in  Figure  4 was 
recorded  using  clean  water.  The  data  of  the  lower  curve  resulted  when  the  lubrication 
of  the  interface  was  inadvertently  improved  in  the  102  mm  pipeline  through  the  growth 
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of  a biological  slime  in  the  water;  this  had  much  more  effect  on  the  pressure  gradients 
at  low  velocities  than  the  polishing  shown  in  Figure  3 because  the  lowering  of  the 
coefficient  of  friction  by  improved  lubrication  reduces  the  friction,  and  therefore  the 
pressure  gradient,  at  low,  as  well  as  high  velocities. 


REDUCTION  OF  THE  PRESSURE  GRADIENTS  OF  CYLINDRICAL  CAPSULES 

1 . Modification  of  the  capsule  surface. 

Results  like  those  illustrated  in  Figures  3 and  4,  showing  the  reductions  in 
pressure  gradient  possible  with  smooth  surfaces  and  improved  lubrication,  led  to  attempts 
to  lower  the  coefficient  of  friction  by  wrapping  capsules  with  vinyl  tape.  The  upper 
curve  of  Figure  5 shows  the  data  from  a train  of  four  stainless  steel  capsules  in  the  102  mm 
stainless  steel  test  section.  After  this  run  the  capsules  were  wrapped  completely  with  a 
layer  of  vinyl  plastic  tape  which  is  smoother  than  the  stainless  steel  and  has  a lower 
coefficient  of  friction.  The  tape  was  only  about  0.4  mm  thick  and  the  effect  on  the 
pressure  gradient  due  to  the  change  of  diameter  ratio  was  negligible.  As  shown  by  the 
middle  curve  of  the  Figure,  the  pressure  gradient  was  greatly  reduced  throughout  the 
velocity  range  due  to  the  change  of  surface. 

Figure  6 is  a similar  plot  of  the  data  for  a single  cylinder  in  the  254  mm 
pipeline.  The  upper  curve  shows  data  from  two  runs  of  a hollow  steel  cylinder,  while 
the  middle  curve  illustrates  the  substantial  reduction  of  pressure  gradient  resulting  from 
shrinking  a sleeve  of  polyethylene  over  the  cylinder.  Tests  were  also  run  with  capsules 
wound  with  the  same  tape  as  used  in  the  102  mm  line,  with  similar  pressure  gradient 
reductions  to  those  of  Figures  5 and  6. 

While  the  use  of  vinyl  tape  or  sleeves  is  hardly  a commercial  proposition, 
the  results  of  the  tests  show  unmistakably  that  the  pressure  gradient  may  be  very  consid- 
erably reduced  by  reduction  of  the  capsule-pipe  friction,  and  they  encourage  research  on 
economical  and  practical  means  of  achieving  this. 

2.  The  use  of  col lars. 

A method  of  pressure  gradient  reduction  for  cylinders  which  has  been  used 
previously  with  excellent  results  L 9]  is  the  fitting  of  a band  or  collar  forward  of  the 
centre  of  the  capsule.  This  holds  the  capsule  at  a minimum  angle  to  the  pipe  and  decreases 
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the  effective  weight  of  a moving  capsule  by  increasing  the  pressure  in  a liquid 

wedge  under  the  capsule,  and  also  by  providing  an  upward  shear  force.  For  the  present 
experiments  in  both  pipelines  the  collars  were  formed  by  wrapping  several  layers  of  vinyl 
tape,  100  mm  wide,  around  the  capsules,  and  a single  wrap  was  also  made  at  the  back  of 
the  capsule.  The  position  and  thickness  of  the  collars  were  both  varied,  and  the  best 

position  for  the  rear  edge  of  the  collars  was  about  one-third  of  the  capsule  length 
from  the  front.  The  optimum  thickness  of  the  collar  in  the  102  mm  pipeline  was 
about  2.5  mm  and  in  the  254  mm  pipeline,  3 mm.  The  lowest  curves  in  Figures  5 and 
6 refer  to  these  capsules. 


For  commercial  applications  it  is  important  to  know  the  power  per  kilo- 
metre required  for  given  throughputs  of  solid  material  as  well  as  the  pressure  gradients. 
For  the  purpose  of  design  and  cost  studies,  power  per  kilometre  is  readily  converted  to 
cost  per  teragramme-kilometre  at  a given  throughput  of  solid,  and  known  pumping 
efficiency.  (See  conversions.  Table  1.)  This  is  the  hydrodynamic  transportation  cost, 
an  important  part  of  the  total  operating  cost,  which  can  be  compared  with  the 
corresponding  figure  for  other  forms  of  transport. 

The  power  requirements  in  k W.  per  km  are  plotted  against  solid  throughput 
in  Tg./year  in  Figure  7 for  the  data  of  Figure  6,  the  following  formulae  being 
used: 


kW  per  km  of  continuous  train 
of  cylinders  and  annular  liquid 


= (AP/L)c  X 1000  (ttD3/4)  Vb 

- 785.4  (AP/L)  D3  V, 
c b 


= (ir  ds/4)  V aX  3600  X 24  X 365  X 10'9 

C 

= 2.48  X 10"s  d3  Vc  a 


Solid  throughput  of  cylinders 
(Teragrammes  per  year) 
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3.  The  use  of  voids  . 

The  decrease  of  pressure  gradient  with  decrease  of  capsule  density  suggests 
manufacturing  capsules  with  voids  (air  pockets).  An  example  of  the  advantages  to  be 
gained  is  shown  in  Figure  8.  The  upper  curve  shows  data  from  a train  of  plain  capsules 
of  density  1500  kg.m"3  in  the  254  mm  pipe.  The  curve  may  be  considered  representa- 
tive of  capsules  with  very  thin  steel  shells  enclosing  material  of  this  density,  transported 
through  a 254  mm  steel  pipe. 

If  a third  of  the  material  were  removed  from  such  capsules  the  density  would 
be  reduced  to  1000  kg.m”3,  neglecting  the  weight  of  the  shells.  Such  capsules  would 
have  a performance  curve  like  the  lower  full  curve  of  Figure  8.  This  is  in  fact  a plot  of 
data  from  a train  of  density  1031  kg.m"3  . The  very  great  power  saving  indicated  for 
the  same  solid  throughput  due  to  the  use  of  voids  suggests  that  this  technique  should  be 
carefully  considered  in  suitable  cases.  For  example,  it  seems  particularly  applicable 
to  structurally  sound  materials  such  as  sulfur  which  could  be  foamed  before  casting  into 
cylinders.  Containerization  (a  large  shell  packed  with  smaller  containers)  represents 
another  type  of  application.  The  curves  of  the  sleeved  and  collared  capsules  from 
Figure  7 are  shown  dotted  for  reference.  For  all  except  the  highest  velocities,  capsules 
with  voids  would  have  lower  power  requirements  than  even  the  collared  capsules. 


SPHERICAL  CAPSULES 

While  the  pressure  gradients  for  cylindrical  capsules  can  be  reduced  consid- 
erably, spherical  capsules  show  even  more  promise,  especially  for  higher  density 
materials. 

1 . Pressure  gradient  variation  with  liquid  velocity  and  sphere  density  - 
102  mm  pipe. 

The  pressure  gradient  for  spheres  rises  with  an  increase  of  bulk  velocity  in 
a similar  way  to  that  for  a liquid.  Figure  9 illustrates  this  for  trains  of  ten  spheres 
in  the  102  mm  pipe.  In  order  that  a pressure  gradient  line  for  water  could  be 
included,  the  data  have  been  plotted  against  liquid  (bulk)  velocity  instead  of 
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against  capsule  velocity  as  in  the  previous  Figures.  The  velocity  ratio,  V /A/^, 
of  spheres  is  similar  to  that  of  nearly  equal-density  cylinders,  rising  to  about  1 .05 
at  a very  low  liquid  velocity  and  remaining  nearly  constant.  As  the  S.G.  of 
cylindrical  capsules  is  increased  the  velocity  ratio  falls  off,  particularly  at  low 
liquid  velocities,  but  that  of  spheres  is  very  little  affected  by  S.G.  The  buoyed 
density  has  little  effect  on  the  pressure  gradient  for  the  six  values  tested 
(/3  = 550  to  3,330  kg. m  2  3 , density  1 ,550  to  4,330  kg.  m 3 ),  as  shown  by  the  data 
for  the  highest,  lowest  and  mean  values  plotted  in  the  Figure.  The  spheres  were 
accurately  turned,  and  with  accurate  sphericity  it  appears  that  there  is  a basic 
pressure  gradient  for  each  volumetric  throughput  of  spheres  and  the  associated  liquid. 
The  increase  over  the  liquid  pressure  gradient  is  almost  entirely  due  to  distortion  of 
the  liquid  velocity  profile  by  the  spheres  and  is  independent  of  density.  Rolling 
friction  appears  to  be  negligible  for  these  nearly  perfect  spheres. 

Included  in  the  Figure  for  comparison  are  mean  lines  for  butyrate  cylinders 
in  the  same  stainless  steel  section;  these  gave  the  lowest  pressure  gradients  of  the 
plain  cylinders.  The  upper  line  represents  cylinders  of  about  the  same  buoyed 
density  (500  kg.m.  3 ) as  the  lowest  density  spheres.  The  advantage  of  using 
spheres  in  terms  of  pressure  gradient  is  very  clear  even  though,  due  to  the  geometry, 
the  throughput  of  a continuous  train  of  spheres  is  only  two-thirds  that  of  cylinders  at 
the  same  velocity.  The  linear  middle  line  and  the  wavy  line  below  show  the  pressure 
gradients  of  butyrate  cylinders  of  buoyed  density  250  and  63  kg.m  3 respectively. 


2.  Comparison  of  iron  and  aluminum  spheres  in  the  254  mm  pipe. 

A comparison  of  the  0.85  and  0.95  diameter  ratio  iron  and  aluminum  spheres 
run  in  the  254  mm  pipe  is  presented  in  Figure  10.  The  pressure  gradients  of  the  aluminum 
spheres  (dashed  lines)  were  much  lower  than  those  ®f  the  iron  spheres  (full  lines),  especially 
for  the  0.95  diameter  ratio.  The  flattening  of  the  curves  of  the  smaller  diameter  ratio 
and  the  subsequent  rise  is  consistent  with  the  spheres  sliding  as  well  as  rolling  at  the 
higher  velocities  [12]  . The  considerable  effect  of  sphere  density  in  the  254  mm  pipe 
compared  with  the  absence  of  any  such  effect  in  the  102  mm  pipe  seems  to  be  due  to  the 
rolling  friction  of  the  less  uniform  spheres  in  the  254  mm  pipe.  Although  the  tolerances 
were  good  for  large  cast  spheres,  as  the  latter  move  through  the  pipe  any  small  bumps 
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involve  the  loss  of  energy  proportional  to  the  height  of  the  bump  and  the  buoyed  weight 
of  the  sphere,  since  work  is  expended  in  lifting  the  sphere  over  each  bump  during 
rotation. 

3.  Power  requirements  - 254  mm  pipe. 

The  expression  for  the  power  required  for  spheres  is  the  same  as  that  for  cylinders 
given  earlier,  but  due  to  the  geometry  the  throughput  of  a continuous  train  of  spheres  is 
only  two-thirds  that  of  cylinders  at  the  same  velocity.  Figure  11  compares  the  power 
requirements  of  the  trains  of  aluminum  and  iron  spheres.  The  data  for  the  three  diameters 

of  these  particular  aluminum  spheres  all  lie  close  to  the  same  curve,  so  that  there  is  no 
hydrodynamic  reason  for  using  one  diameter  of  the  spheres  rather  than  another.  The  iron 
spheres  of  diameter  ratios  0.85  and  0.90  required  a much  lower  power  for  a given  through- 
put than  the  spheres  of  diameter  ratios  0.95,  but  this  may  be  due  to  more  surface  irregulari- 
ties on  the  largest  spheres.  Comparison  of  the  curves  for  spheres  with  that  for  the  0.90 
diameter  ratio  polyethylene-sleeved  cylinder  of  £ = 500  in  the  same  Figure  shows  the 
superiority  of  spheres  from  the  standpoint  of  power  requirements. 

The  low  pressure  gradients  and  power  required  by  spheres  compared  with  those 
needed  even  by  smooth  cylinders  suggest  that  it  would  be  worth  making  considerable 
effort  to  transport  any  solid  with  density  of  1250  kg.m  3 or  more  in  this  form.  Though 
manufacturing  problems  might  be  greater  than  for  cylinders,  the  handling  of  spheres 
during  injection,  pump  bypassing  and  ejection  is  simpler. 

CONCLUSIONS 

The  low  pressure  gradients  made  possible  particularly  by  reducing  the  co- 
efficient of  friction  or  by  the  use  of  voids,  greatly  increase  the  potential  of  cylindrical 
capsules.  For  example,  by  the  use  of  voids  it  is  possible  to  move  2 teragrammes  (about 

2 million  tons)  per  year  of  material  with  a density  of  1500  kg.m”3  (93.6  lb. /ft.3)  for 
7 k W (km)”1 2  (about  15  horsepower  per  mile)  in  a 254  mm  (10  in.)  pipeline. 

The  pressure  gradient  would  be  about  25  psi  per  mile,  allowing  pumping  stations  to  be 
about  80  km  (50  miles)  apart.  Spherical  capsules  are  even  more  attractive,  particularly 
as  the  density  of  the  transported  material  increases,  but  their  use  seems  to  be  warranted 
with  densities  as  low  as  1250  kg.m"3  (80  lb. /ft. 3 ),  provided  manufacturing  costs  are 
comparable  with  those  of  cylinders. 
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TABLE  1 


Conversions 


Density  1,000  kg. m’3 

Pressure  gradient  1 k N.m“2m  1 
Power  1 k W = 1 k N.m.s'1 
Power/unit  length  1 kW  (km)"1 
Solid  throughput 

1 Tg/yr  = IQ9  kg/yr 


= 62.43  lb/ft.3 
= 0.0442  psi/ft. 

= 1 . 34  horsepower 
= 2. 16  horsepower/mile 

= 1.102  x 10s  short  tons/year 


Pipe  diameter 


254  mm  = 10  in. 
102  mm  = 4 in. 


102  mm  pipe.  Correlation  of  pressure  gradient  with  diameter  ratio 
as  functions  of  capsule  velocity  and  buoyed  density.  - Stainless 
steel  capsules  in  a stainless  steel  pipe. 
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254  mm  pipe.  Correlation  of  pressure  gradient  with  diameter  ratio 
as  functions  of  capsule  velocity  and  buoyed  density. 


FIGURE  2 


7 


( k N m2  rn1) 


Vc  (m  s') 


102  mm  pipe.  Pressure  gradients  due  to  a stainless  steel  capsule  run 
for  extended  periods  of  time  in  a butyrate  pipe. 


FIGURE  3 


102  mm  pipe.  Pressure  gradients  for  stainless  steel  and  butyrate 
surfaces  with  and  without  a slippery  coating. 


FIGURE  4 


102  mm  pipe.  Reduction  of  pressure  gradient  due  to  vinyl  tape  or 
a vinyl  collar. 


FIGURE  5 


254  mm  pipe.  Reduction  of  pressure  gradient  due  to  a poly- 
ethelene sleeve  or  a vinyl  collar. 


FIGURE  6 


254  mm  pipe.  Power  saved  by  a polyethelene  sleeve  or  a 
vinyl  collar. 


FIGURE  7 


250 


254  mm  pipe.  Power  saved  by  fhe  use  of  voids. 


FIGURE  8 


102  mm  pipe.  Comparison  of  the  pressure  gradients  of  spheres  and 
cylinders,  k = 0. 93. 


FIGURE  9 


254  mm  pipe.  Comparison  of  the  iron  and  aluminum  spheres. 


FIGURE  10 


kW(km) 


254  mm  pipe.  Power  requirements  of  spheres. 


FIGURE  11 
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Spherical  Capsules  in  a 102  mm  Pipeline 


SPHERICAL  CAPSULES  IN  A 102  MM  PIPELINE 


Paper  prepared  for  presentation  at  the  Second  International  Symposium 

on 

"Solid  Pipeline"  and  Its  Application  to  Intra  and  Inter  Urban  Freight  Transport 

in  Philadelphia. 


Jan  Kruyer 

Alberta  Research 
January  1974 


NOMENCLATURE 


Coefficients 

Capsule  /pipe  diameter  ratio 

Capsule/pipe  pressure  ratio 


AP\  / / AP  \ 


/, 


(-1 


V 'c/  Vb  Capsule/bulk  velocity  ratio 

radius  of  the  small  hemisphere  of  spheroid,  m 
radius  of  large  hemisphere  of  spheroid,  m 

bulk  velocity,  ms1 


capsule  velocity,  m s 


capsule  pressure  gradient,  N m"3  m" 1 


liquid  pressure  gradient,  N m"3  m" 


v = liquid  viscosity,  centistokes 

P = liquid  density,  kg  m’3 

cr  = capsule  density,  kg  m 3 


Summary 


The  movement  through  a pipeline,  by  means  of  a carrier  liquid,  of  cylin- 
drical or  spherical  capsules  with  diameters  approaching  that  of  the  pipe  has  been 
proposed  as  a potential  method  of  solids  transport.  The  present  paper  deals  with 
experimental  measurements  for  the  movement  of  sphere  trains  through  a 102  mm  pipe- 
line. Hemispheres  were  machined  from  solid  PVC  with  a hollow  threaded  cavity  so 
that  two  hemispheres  threaded  together  formed  a true  sphere  which  could  be  loaded  to 
various  densities.  Trains  of  ten  spheres  each  of  various  diameters  were  run  through 
the  pipeline  in  water.  Trains  of  one  diameter  were  also  run  in  liquids  of  viscosities 
from  1 to  32  centistokes.  Increasing  the  liquid  viscosity  raises  both  the  capsule/bulk 
velocity  ratio  and  the  capsule/liquid  pressure  ratio.  The  effect  of  sphere  diameter  is 
very  small  for  the  diameters  tested.  Raising  the  density  of  the  spheres  increases  the 
pressure  ratio  somewhat;  nevertheless  the  effect  is  to  make  sphere  transport  progressively 
more  attractive  as  the  solids  density  is  increased  due  to  the  increased  mass  throughput 
of  the  denser  solids.  The  results  from  cylinders  of  various  densities  are  compared  with 
those  from  spheres.  Only  for  solids  close  to  the  density  of  the  carrier  liquid  are 
cylinders  more  attractive  than  spheres  as  a form  of  solids  transport.  Since  commercial 
casting  or  forming  processes  may  not  produce  true  spheres,  tests  were  also  made  with 
spheroids.  These  showed  progressively  increased  pressure  ratios  and  reduced  velocity 
ratios  as  the  spheroids  deviated  from  the  spherical  form. 
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Introduction 

Capsule  pipelining  has  been  discussed  by  several  authors  as  a potential  method 
of  solids  transport  (1,  2 , 3,  4,  5,  6).  Two  forms  of  capsules  have  been  suggested,  spheres 
which  generally  roll  in  a liquid-filled  pipeline  due  to  an  imposed  pressure  gradient,  and 
cylinders  which  slide  through  the  pipeline  due  to  this  same  pressure  gradient.  For  horizon- 
tal pipes  the  pressure  gradients  required  to  move  cylinders  are  generally  a function  of  the 
difference  in  density  between  the  cylinder  and  the  transporting  liquid  (7)  but,  as  will  be 
shown,  for  spheres  the  pressure  gradients  are  much  less  dependent  on  density.  The  experi- 
mental data  reported  here  were  obtained  from  a 102  mm  pipeline.  Details  of  the  construc- 
tion and  operation  of  this  pipeline  have  been  published  (8,  9).  Since  commercially 
fabricated  spherical  capsules  may  vary  in  sphericity,  the  present  paper  presents  data  for 
true  spheres,  i.e.  all  points  of  the  surface  are  equidistant  from  the  center  to  within  0.1%, 
and  for  spheroids  which  deviate  considerably  from  true  sphericity.  The  effects  on  the 
sphere/bulk  velocity  ratio  and  on  the  sphere/liquid  pressure  ratio  are  examined  both  for  the 
true  spheres  and  for  the  spheroids  but  no  attempt  is  made  at  this  time  to  provide  compre- 
hensive correlations  of  the  data.  Additional  experimental  data  will  be  forthcoming  from 
pipelines  of  other  sizes  and  the  intention  is  to  include  these  in  an  overall  correlation. 

Spheres  and  Spheroids 

For  the  experimental  measurements  hemispheres  were  machined  from  PVC  with 
a central  cylindrical  cavity  in  such  manner  that  when  threaded  onto  a cylindrical  insert 
two  hemispheres  formed  a true  sphere  with  a tolerance  of  0.1%  (Fig.  1).  Three  sizes  of 
hemispheres  were  made  initially  so  that  trains  of  10  spheres  of  each  size  could  be  run  in 
the  pipeline.  Spheroids  (Fig.  2)  were  made  subsequently  by  threading  together  hemispheres 
of  two  different  sizes  and  machining  away  the  ridges  where  the  two  hemispheres  joined, 
so  that  each  spheroid  represented  a very  short  cylinder  with  hemispherical  ends  of  two 
radii  of  curvature.  Hemispheres  of  four  diameters  were  used  to  make  three  trains  of 
spheroids,  each  with  a different  radius  of  curvature  ratio  (r^/  r^  ). 
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Velocity  ratios  for  true  spheres 

In  a capsule  pipeline  the  velocity  ratio  is  the  ratio  of  the  capsule  velocity 
over  the  bulk  velocity  of  the  pipe  section  occupied  by  the  capsule.  The  bulk  velocity 
is  the  average  volumetric  velocity  of  the  annular  liquid  and  the  capsules  combined. 

This  bulk  velocity  is  equal  to  the  average  velocity  of  the  liquid  just  behind  or  ahead  of 
the  capsule  train  and  for  that  reason  the  velocity  ratio  may  also  be  defined  as  the  ratio 
of  the  capsule  velocity  over  the  average  liquid  velocity  in  the  pipeline.  Further  details 
on  this  are  provided  in  Ref.  10  in  the  section  "Calculating  the  liquid  throughput  and 
linear  fill." 

The  effect  of  liquid  viscosity  for  a train  of  ten  0.935  diameter  ratio  spheres 
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loaded  to  a density  of  4330  kg  m is  shown  in  Fig.  3 where  the  velocity  ratio  (Ry)  is 
plotted  on  an  expanded  scale  as  a function  of  the  sphere  velocity.  Mixtures  of  poly- 
glycol and  water  were  used  to  obtain  liquid  viscosities  from  1 to  32  centistokes  in  the 
pipeline.  All  data  fall  between  R y = 1.00  and  R = 1.05  and  the  velocity  ratio 
increases  with  liquid  viscosity. 

The  effects  of  sphere  density  and  diameter  ratio  are  shown  in  Fig.  4 for  the 
flow  of  spheres  in  water.  The  upper  graph  shows  data  for  a train  of  ten  0.935  diameter 
ratio  spheres  weighted  to  6 densities  between  4330  and  1550  kg  m 3 . The  velocity  ratio 
is  nearly  constant  at  1.027  over  the  whole  range  of  capsule  velocities  tested,  with  some 
exceptions  at  the  very  low  velocities,  and  the  effect  of  sphere  density  is  very  slight. 

The  middle  graph  shows  the  data  for  a train  of  ten  0.900  diameter  ratio  spheres  also 
weighted  to  6 densities.  Duplicate  runs  were  made  for  each  of  the  densities  tested  and 
hence  more  data  points  are  shown  in  this  graph.  The  effect  of  density  is  slightly  more 
pronounced  at  this  diameter  ratio  and  the  velocity  ratio  increases  with  a decrease  in 
sphere  density.  This  is  particularly  noticeable  at  the  lower  capsule  velocities.  Similar 
results  are  shown  in  the  bottom  graph  but  for  0.868  diameter  ratio  spheres.  In  each  case 
the  data  are  presented  on  an  expanded  R y scale,  and  it  should  be  realized  that  the 
fractional  variations  in  Rv  with  liquid  viscosity,  sphere  density  and  diameter  ratio  are 
quite  small . 

A possible  correlation  of  these  data  for  true  spheres  will  have  the  form: 

Vc=  (Vb-Ai) 


(1) 


4 


The  variable  Ax  is  small  and  increases  slightly  with  sphere  density  and  decreases 
slightly  with  an  increase  in  diameter  ratio.  The  value  of  increases  with  a decrease 
in  diameter  ratio  and  increases  with  liquid  viscosity. 

Velocity  ratios  for  spheroids 

Three  configurations  of  imperfect  spheres  were  run  in  the  pipeline.  The 
deviation  between  these  imperfect  spheres  or  spheroids  and  true  spheres  is  described  by 
the  ratio  of  the  radii  of  curvature  of  the  two  hemispheres.  Velocity  ratios  measured  with 
the  spheroids  are  presented  in  Fig.  5 for  trains  of  6 densities  shown  in  the  upper  graph  for 
a radius  ratio  of  0.962,  the  middle  graph  for  0.984  and  the  bottom  graph  for  0.966. 
Observations  during  the  experimental  measurements  with  the  spheroids  indicate  that  the 
wide  fluctuations  in  the  velocity  ratios  as  shown  by  the  symbols  in  the  top  and  middle 
graphs  at  the  velocity  ratios  below  1.02  represent  spheroids  which  alternately  roll  and 
slide.  The  smoother  data  shown  in  the  bottom  graph  and  also  at  the  lower  densities  in  the 
upper  two  graphs  represent  rolling  spheroids.  Since  the  effect  of  diameter  ratio  has  been 
shown  to  be  minor,  a comparison  between  Figs.  4 and  5 show  that  in  a pipeline  at  a given 
capsule  velocity  the  liquid  flow  rate  to  move  spheroids  is  greater  than  to  move  true  spheres. 
Fig.  5 also  shows  that  this  effect  increases  as  the  radius  ratio  of  the  spheroids  decreases. 

The  effect  of  capsule  density  is  more  pronounced  with  spheroids,  indicating  that 
the  value  of  in  equation  1 increases  with  a decrease  in  radius  ratio. 

Velocity  ratios  for  cylinders  and  true  spheres  compared 

Velocity  ratios  for  a train  of  four  0.62  m long  0.90  diameter  ratio  cylinders, 
loaded  to  various  densities,  are  presented  in  Fig.  6,  with  the  average  velocity  ratios 
from  spheres  of  the  same  diameter  ratio  (Fig.  4)  superimposed  in  the  form  of  a dashed  line. 
At  the  low  velocities  the  velocity  ratios  for  all  cylinders  are  lower  than  those  for  spheres 
but  at  the  higher  velocities  the  velocity  ratios  for  the  light  cylinders  are  higher  than  those 
for  the  spheres. 

Pressure  ratios  for  true  spheres 

In  a capsule  pipeline  the  pressure  ratio  is  the  ratio  of  the  pressure  gradient  per 
unit  length  of  capsule  over  the  pressure  gradient  per  unit  length  of  pipe  without  a capsule, 
providing  the  liquid,  the  pipe  and  the  bulk  flow  rate  are  identical.  The  effect  of  liquid 
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viscosity  on  the  pressure  ratio  (R^)  for  a train  of  ten  0.935  diameter  ratio  dense 
spheres  is  presented  in  Fig.  7.  The  pressure  ratio  decreases  with  a decrease  in  liquid 
viscosity  and  with  an  increase  in  capsule  velocity.  Pressure  ratios  for  trains  of  spheres 
of  three  diameter  ratios,  moved  by  water  in  the  pipeline,  are  presented  in  Fig.  8 
(k  = 0.935),  Fig.  9 (k  = 0.900)  and  Fig.  10  (k  = 0.868).  An  insert  with  an  expanded 
scale  at  the  top  of  each  Figure  shows  data  at  capsule  velocities  over  1ms  in  greater 
detail.  The  symbols  in  these  Figures  represent  the  same  densities  as  those  in  Fig.  4. 

The  denser  spheres  yield  a higher  pressure  ratio  than  the  lighter  spheres.  These  densities, 
however,  vary  by  300%  but,  except  at  the  very  low  velocities,  the  pressure  ratios  at  a 
given  capsule  velocity  vary  only  50%  or  less.  For  the  movement  of  true  spheres,  therefore, 
the  denser  solids  will  provide  a larger  mass  throughput  than  the  lighter  solids  with  only  a 
small  increase  in  the  pressure  ratio.  The  effect  of  sphere  diameter  is  to  increase  the 
pressure  ratio  only  slightly  with  diameter  ratio. 

A possible  correlation  of  these  data  for  true  spheres  will  have  the  form 


The  value  of  B2  increases  with  liquid  viscosity,  diameter  ratio  and  sphere  density  and 
the  value  of  A^  increases  with  liquid  viscosity  and  sphere  density. 

Pressure  ratios  for  spheroids 

The  effect  on  the  pressure  ratio  for  sphere  trains  of  deviation  from  the  true 
spherical  form  for  rx  / r2  from  0.996  to  0.962  is  shown  in  Figs.  11,  12  and  13.  The 
same  symbols  as  in  Fig.  5 are  used.  This  deviation,  shown  by  the  difference  from  1 .0  of  the 
ratio  r±  /rg  , progressively  increases  the  value  of  Ag  in  equation  2.  The  change  in  pressure 
ratio  from  that  of  true  spheres  is  not  significant  when  the  deviation  from  the  spherical  form 
is  less  than  0.5%  (c.f.  Figs.  9 and  11)  but  when  the  deviation  is  larger  the  pressure  ratios 
become  very  large  for  the  denser  capsules  (c.f.  Figs.  8,  9 and  13).  For  the  transport  of 
spherical  capsules,  therefore,  it  is  advantageous  to  maintain  a spherical  tolerance  of  0.5% 
or  less. 
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Pressure  ratios  of  cylinders  and  true  spheres  compared 

Pressure  ratios  of  cylinders  and  spheres  are  compared  in  Fig.  14.  The 
symbols  represent  the  data  for  the  cylinders  at  the  densities  indicated  while  the  dashed 
line  represents  the  mean  of  the  sphere  data  of  Fig.  9.  At  low  velocities  the  pressure 
ratios  for  true  spheres  are  lower  than  those  for  cylinders  of  all  densities  but  above  a 
capsule  velocity  of  1 ms1  the  pressure  ratios  for  the  two  lightest  cylinder  trains  are 
less  than  those  for  the  sphere  trains. 

Discussion  and  Conclusion 

While  this  paper  only  reports  on  the  experimental  results  from  a horizontal 
102  mm  pipeline,  and  holds  in  abeyance  any  scale-up  correlations  until  sufficient  data 
become  available  from  pipelines  of  various  sizes,  several  trends  are  observed  which  may 
tend  to  persist  for  all  pipe  sizes.  The  effect  of  increasing  liquid  viscosity  is  to  increase 
the  velocity  ratio  and  the  pressure  ratio.  This  may  be  a singular  viscosity  effect  or  it  may 
show  up  as  a Reynolds  number  effect  when  data  from  various  pipe  sizes  become  available. 
The  effect  of  density  for  spherical  capsules  is  very  much  less  pronounced  than  for  cylindri- 
cal capsules.  Sn  the  case  of  spheres  the  mass  throughput  increases  much  more  rapidly  than 
the  pressure  ratio  when  the  sphere  density  is  increased;  suggesting  that  transport  in  the  form 
of  spheres  becomes  progressively  more  attractive  as  the  solids  density  increases.  This  is  in 
contrast  to  transport  of  cylinders  where  the  pressure  ratio  rises  much  faster  than  the  mass 
throughput  as  the  solids  density  increases.  Nevertheless,  at  densities  close  to  that  of  the 
carrier  liquid,  cylindrical  capsules  are  more  attractive  than  spheres  by  having  lower 
pressure  ratios  and  higher  velocity  ratios.  The  point  at  which  each  of  the  two  forms  of 
solids  transport  becomes  more  attractive  may  be  a function  of  the  pipe  size.  The  effect  of 
deviation  from  the  true  spherical  form  was  shown  by  the  results  from  spheroids  of  different 
radii  ratio.  Sn  each  case  the  velocity  ratios  decreased  and  the  pressure  ratios  increased 
progressively  as  the  spheroids  deviated  from  the  true  spherical  form.  Similar  results  are 
expected  when  spheres  with  irregular  surfaces  and  flat  spots  are  tested.  The  effect  of 
deformation  of  the  sphere  surface  on  the  pressure  ratio  and  velocity  ratio  may  also  be 
expected  to  vary  with  pipe  size. 
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FIGURE  CAPTIONS 


FIG.  1 


Cross-section  of  a typical  experimental  spherical  capsule 


FIG.  2 Schematic  of  an  experimental  spheroid  capsule 


FIG.  3 


Velocity  ratios  for  true  spheres  in  various  liquids 


FIG.  4 


Velocity  ratios  for  true  spheres  of  various  densities  and  diameter 
ratios  in  water. 


FIG.  5 


Velocity  ratios  for  spheroids  of  various  densities  and  radius  ratios 
in  water. 


FIG.  6 Velocity  ratios  for  cylinders  and  spheres  compared,  the  symbols 

represent  trains  of  cylinders  and  the  dashed  line  the  average  sphere 
data  of  Fig.  4. 


FIG.  7 Pressure  ratios  for  true  spheres  in  various  liquids. 


FIG.  8 Pressure  ratios  for  0.935  diameter  ratio  true  spheres  of  various 

densities  in  water. 


FIG.  9 Pressure  ratios  for  0.900  diameter  ratio  true  spheres  of  various 

densities  in  water. 


FIG.  10 


Pressure  ratios  for  0.868  diameter  ratio  true  spheres  of  various 
densities  in  water. 


FIG.  11 


Pressure  ratios  for  spheroids  of  various  densities  with  a 0.996  radius 
ratio  in  water. 


Pressure  ratios  for  spheroids  of  various  densities  with  a 0.984 
radius  ratio  in  water. 


Pressure  ratios  for  spheroids  of  various  densities  with  a 0.962 
radius  ratio  in  water. 


Pressure  ratios  of  cylinders  and  spheres  compared,  the  symbols 
represent  trains  of  cylinders  and  the  dashed  line  the  average 
data  of  Fig.  9. 


FIG.  1 


Cross-section  of  a typical  experimental  spherical  capsule 


FIG.  2 


Schematic  of  an  experimental  spheroid  capsule 
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FIG.  3 


Velocity  ratios  for  true  spheres  in  various  liquids 
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FIG.  4 Velocity  ratios  for  true  spheres  of  various  densities  and  diameter 

ratios  in  water. 
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Velocity  ratios  for  spheroids  of  various  densities  and  radius  ratios 
in  water. 
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FIG.  7 


Pressure  ratios  for  true  spheres  in  various  liquids. 


20 


1 


Q 


□ 


T 


yg  -© 

© 

% ° 

q 2^ 

<<7 

®x 

- 

0 

+ 


0 


A 

0 

Efi 


A 

+ 


% 


FIG.  8 


Pressure  ratios  for  0.935  diameter  ratio  true  spheres  of  various 
densities  in  water. 
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FIG.  9 


Pressure  ratios  for  0.900  diameter  ratio  true  spheres  of  various 
densities  in  water. 
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FIG.  10 


Pressure  ratios  for  0.868  diameter  ratio  true  spheres  of  various 
densities  in  water. 
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FIG.  11  Pressure  ratios  for  spheroids  of  various  densities  with  a 0.996  radius 
ratio  in  water. 


Vc  (ms-1) 


FIG.  12 


Pressure  ratios  for  spheroids  of  various  densities  with  a 0.984 
radius  ratio  in  water. 


FIG.  13 


Pressure  ratios  for  spheroids  of  various  densities  with  a 0.962 
radius  ratio  in  water. 
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Computer  Program  for  Operating  the  0.5-4  Inch  Laboratory  Pipelines 


APPENDIX  F 


Computer  Program  for  Operating  the  0.5  - 4 Inch  Laboratory  Pipelines 


Program  Description 

Memory  Locations 

Often  used  constants,  instructions  and  jump  locations 

0 - 200 

Routine  for  calibrating  the  transducers.  The  calibration 

readings  are  typed  in  and  the  difference  calculated. 

Counters  which  accumulate  frequency  pulses  from  the 

transducers  are  cleared  and  read  for  one  second  and  the 

resulting  readings  are  typed  out. 

600  - 1000 

Octal  type-in  routine  for  the  flowsettings.  These  are  the 

values  used  to  control  the  liquid  velocity  in  the  pipeline. 

1600  - 2000 

Routine  to  read  and  type-out  the  frequency  of  each 

transducer.  This  is  used  to  obtain  the  zero  readings. 

2200  - 2400 

Type-in  routine  for  providing  a table  of  capsule  diameter 

ratios  and  lengths.  This  table  is  used  during  the  conversa- 
tion program  to  provide  the  pertinent  dimensions  of  the 

specified  capsules.  The  input  is  in  decimal  format. 

2400  - 2600 

Control  program  for  typing  in  the  flow  settings  (see  1600- 

2000) 

2600  - 3000 

Control  program  for  conversation  between  the  operator  and 
the  computer.  (See  also  1700  and  6400). 

3400  - 3600 

2 


Program  Description 

Memory  Locations 

Subroutine  which  clears  all  counters,  reads  them 

for  one  second  and  stores  the  readings. 

3600  - 4000 

Main  control  program  for  operating  the  pipeline 

during  the  experiments.  Flags  and  photocells  are 

examined  continuously  and  decisions  are  made  as 

to  what  action  is  required. 

/ - 

4000  - 4400 

Control  program  for  the  calculations  and  for  typing 

out  the  results  of  the  measurements. 

4400  - 5200 

Program  to  check  the  calculator  program  and  the 

subroutines  for  typing  out  the  results. 

5200  - 5400 

Program  to  decode  operator's  instructions  and  execute 

the  desired  operation. 

5400  - 5600 

Program  to  automatically  adjust  the  liquid  velocity  in  the 

pipe  according  to  the  values  stored  in  the  table  of 

flowsettings. 

5600  - 6000 

Calibration  constants 

6000  - 6200 

Temporary  storage  before  typing  out  the  data 

6200  - 6400 

Storage  of  conversation  characters 

6400  - 6600 

Program  to  accept  constants  in  decimal  format  from  the 

keyboard  and  store  them  in  octal  double  precision  format 

in  core,  e.g.  test  section  lengths,  capsule  data,  etc. 

6600  - 7000 

3 


Program  Description  Memory  Locations 

Program  to  print-out  in  decimal  format  constants 
which  are  stored  in  core  in  octal  double  precision 

format.  7000  - 7200 

Double  precision  calculator  program  7200  - 7600 


Definitions  and  tags  are  shown  in  alphabetical  order  in  the  last  page  of  this  Appendix. 

All  data  are  produced  in  the  form  of  a typed  page  and  a punched  paper  tape. 
See  the  Phase  I Report  for  further  details  of  the  operation  of  the  laboratory  pipelines. 
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COMPUTER  PROGRAM  FOR  LABORATORY  PIPELINES 


00007 

7200 

INTP,  INTERP 

00015  CCOO  AUT1 , 0 

00016  0000  AUT2 , 0 

00020 

6600 

D 1 C 1 , DICONV 

0002' 

5615 

FLOSD,  FLOS 

L0022 

0000 

AONE,  0 

00023 

ooor 

1 

00024 

0000 

SPACE,  0 

00025 

7200 

CLA 

00026 

1162 

TAD  P240 

L0027 

4167 

JMS  TPE 

L0030 

5424 

JMP  1 SPACE 

00040 

0000 

DPAC1 , 0 

00041 

0000 

DPAC2 , 0 

00042 

OOOG 

0PAC3.  0 

00043 

0000 

DPAC4,  0 

00044 

0000 

MULTI,  0 

00045 

0000 

MULT2 , 0 

00046 

COCO 

MULCTR , 0 

00047 

0000 

ADDR , C 

00050 

0000 

DPSGN,  0 

C0051 

0200 

PBIT,  200 

00052 

0400 

IBIT,  400 

00053 

7402 

DPERR,  HLT 

00054 

0000 

Cl,  0 

00055 

0000 

01,  C 

OOO56 

coco 

C2  , 0 

00057 

0000 

02,  0 

L 0060 

0000 

C3,  0 

00061 

0000 

03,  0 

00062 

0000 

C4,  C 

00063 

0000 

04,  0 

00064 

0000 

C5.  0 

00065 

0000 

05.  0 

00066 

0000 

C6,  0 

OOO67 

0000 

06,  0 

00070 

0000 

C7,  c 

00071 

0000 

07,  0 

00072 

0000 

C8,  0 

00073 

0000 

08,  C 

(.0074 

0000 

KOUN, 0 

00075 

0054 

COUNO,  Cl 

00076 

6200 

COUNI,  C0U1 

00077 

6220 

C0UN2 , C0U2 

00100 

6240 

C0UN3,  C0U3 

00101 

6260 

C0UN4,  C0U4 

00102 

630c 

-C0UN5,  C0U5 

00103 

6320 

C0UN6,  C0U6 

00104 

0000 

CHECK,  0 

CC105 

0017 

MPH,  17 

00106 

0000 

FLOWP , 0 /FLOW  1 

00107 

7770 

PUMP,  7770  /FLOW 

00110 

0000 

FLOWC,  0 /FLOW 

00111 

0001 

INCREM,  1 /FLOW  1 

00112 

0002 

P2 , 2 

P3,  3 

coi  13 

0003 

00114 

0005 

P5,  5 

00115 

0007 

P7,  7 

001 16 

0020 

P20,  20 

00117 

7776 

M2,  -2 

00120 

7773 

M5,  -5 

0012  1 

7771 

M7.  -7 

00122 

7770 

Ml  0 , -10 

00123 

0315 

P315,  315 

00124 

0026 

P26,  26 

00125 

5615 

FLOWD,  FLOS 

00126 

0001 

AOEN , 1 

00127 

7472 

M306,  -306 

00130 

3310 

FRFLOW,  33'0 

00131 

0072 

PA72,  72 

00132 

0031 

PA31,  31 

00133 

7760 

MA20,  -20 

COI  34 

0000 

CNT 1 , C 

00135 

7775 

MA3,  -3 

00136 

0000 

CNT2 , L 

00137 

7677 

MASK1 , 7677 

00140 

7700 

M100,  -100 

P7400,  7400 

00141 

7400 

10142 

0060 

CAL1 1 , C3 

00143 

0062 

CAL22,  C4 

001 4L 

0064 

CAL33,  C5 

00145 

CC64 

CAL44,  C5 

00146 

0000 

VENLO,  C 

C0 147 

6012 

VELOB,  6012 

00150 

6050 

VELOA,  6050 

00151 

0000 

AA,  0 

COI  52 

0000 

BB,  0 

00153 

0370 

P370,  370 

PROGRAM  TO  CALIBRATE  PRESSURE 


00154  5400  RED, 

00155  7526  M252, 

00156  7540  M240, 

00157  7563  M2 15, 

00160  7566  M2 12, 

CC161  7534  M2 44, 

0C162  0240  P240, 

00163  0215  P2 15, 

00164  0277  P277, 

00165  0207  P207, 

00166  0000  L0C2 , 

00167  0000  TPE , 

00170  6041  TS 

00171  5170  JM 

00172  6046  TL 

00173  7200  CL; 


HEADI 
-252 
-240 
-215 
- 2 1 2 
-244 
240 
215 
277 
207 
0 


00174  5567  OMP  I TPE 

00175  7000  UDPNT,  UDPRNT 

00176  0212  P212,  212 

00177  3530  PARE,  PARI 


00600 

7200 

CONNC, 

CLA 

00601 

6031 

KSF 

00602 

5201 

JMP 

.-  1 

(.0603 

6036 

KRB 

C0604 

6046 

TLS 

10605 

3166 

DCA 

L0C2 

00606 

1166 

TAD 

L0C2 

C0607 

1342 

TAD  M261 

00610 

7450 

SNA 

00611 

5225 

JMP 

PRES1 

00612 

7200 

CLA 

00613 

1166 

TAD 

L0C2 

00614 

1343 

TAD 

M262 

006 15 

7450 

SNA 

00616 

5753 

JMP 

1 ZEOR 

00617 

7200 

CLA 

00620 

1166 

TAD 

L0C2 

0062  1 

1161 

TAD 

M244 

00622 

7450 

SNA 

0062  3 

5554 

JMP 

1 HED 

00624 

5200 

JMP 

CONNC 

00625 

7200 

PRES1 , 

CLA 

00626 

4420 

JMS 

1 DIC1 

00627 

0747 

IN2 

00630 

4420 

JMS 

1 D 1 Cl 

LO631 

0744 

INI 

00632 

4752 

JMS 

1 RDLP2 

00633 

1344 

TAD 

INI 

GC634 

3376 

OCA 

INI  .+2 

00635 

1347 

TAD 

IN2 

OO636 

3777* 

DCA 

IN2  .+2 

00637 

4407 

JMS 

1 7 

00640 

5350 

FGET 

IN2  .+ 

0C641 

2 346 

FSUB 

INI  .+ 

00642 

6347 

FPUT 

INI  . + ' 

00643 

0000 

FEXT 

10644 

7200 

CLA 

0C645 

1116 

TAD 

P20 

00646 

3055 

DCA 

01 

00647 

4407 

JMS 

1 7 

00650 

5060 

FGET 

C3 

00651 

3022 

FMPY 

AONE 

00652 

4054 

FDI  V 

Cl 

00653 

6060 

FPUT 

C3 

LO654 

0000 

FEXT 

C0655 

7200 

CLA 

00656 

4407 

JMS 

1 7 

00657 

5062 

FGET 

C4 

00660 

3022 

FMPY 

AONE 

00661 

4054 

FDI  V 

Cl 

00662 

6062 

FPUT 

C4 

OO663 

0000 

FEXT 

00664 

7200 

CLA 

00665 

4407 

JMS 

1 7 

00666 

5064 

FGET 

C5 

00667 

3022 

FMPY  AONE 

00670 

4054 

FDI  V 

Cl 

00671 

6064 

FPUT 

C5 

00672 

CCOO 

FEXT 

00673 

7200 

CLA 

00674 

1163 

TAD  F2 1 5 

OC675 

4167 

JMS  TPE 

00676 

1176 

TAD  P212 

00677 

4167 

JMS  TPE 

10700 

1345 

TAD  INI  .+1 

00701 

00702 

00703 

10704 

00705 

00706 
00707 
00710 
0071  1 

00712 

00713 

00714 

00715 

00716 
00717 


3057 

1350 

3056 

4575 

0056 

4024 


OCA  02 
TAD  INI  .+2 
OCA  C2 
JMS  I UDPNT 
0056 

JMS  SPACE 


1060  WRTO,  TAD  C3 


3067 

1061 

3066 

1062 

3071 

1063 
3070 

1064 


00720  3073 

0072  1 1065 


00722 

00723 

00724 

00725 

00726 
00727 

00730 

00731 

00732 

00733 

00734 

00735 

00736 

00737 
00740 

00742 

00743 

00744 

00745 

00746 

00747 
00750 
0075' 
00752 


3072 
4575 
0066 
4024 
4575 
0070 
4024 
4575 
0072 
4024 
1163 
4167 
1176 
4167 
5200 
7517 
75'6 
0 000 
0000 
0000 
0000 
0000 
0000 
3600 


M26 1 
M262 


DCA  06 
TAD  03 
DCA  C6 
TAD  C4 
DCA  07 
TAD  04 
DCA  C7 
TAD  C5 
DCA  08 
TAD  05 
OCA  C8 
JMS  I UDPNT 
0066 

JMS  SPACE 
JMS  I UDPNT 
0070 

JMS  SPACE 
JMS  I UDPNT 
0072 

JMS  SPACE 
TAD  P2'5 
JMS  TPE 
TAD  P2  12 
JMS  TPE 
JMP  CONNC 
-261 
-262 

0 


I N2 , 

0 

0 

RDLP2, 


00753  2200  ZEOR, 


AND  FLOW 
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/ TYPING  SUBROUTINE 


1600  *1600 


01600 

0000 

OTYPE , 

0 

01601 

7106 

CLL 

RTL 

01602 

7006 

RTL 

01603 

3303 

DCA 

TEMP 

01604 

1303 

TAD 

TEMP 

01605 

0115 

AND 

P7 

01606 

1277 

TAD 

P260 

01607 

4167 

JMS 

TPE 

01610 

4214 

JMS 

TPY 

01611 

4214 

JMS 

TPY 

01612 

4214 

JMS 

TPY 

01613 

5600 

JMP 

1 OTYPE 

01614 

0000 

TPY, 

0000 

01615 

1303 

TAO 

TEMP 

01616 

7006 

RTL 

01617 

7004 

RAL 

01620 

3303 

DCA 

TEMP 

01621 

1303 

TAD 

TEMP 

01622 

0115 

AND 

P7 

01623 

’277 

TAD 

P260 

01624 

4167 

JMS 

TPE 

01625 

5614 

JMP 

1 TPY 

01626 

0000 

OCTALL, 

0000 

01627 

1276 

TAD 

MA4 

0 1 630 

3302 

DCA 

CTN4 

01631 

3166 

DCA 

L0C2 

01632 

6031 

KSF 

01633 

5232 

JMP 

.-1 

01634 

6036 

KRB 

01635 

6046 

TLS 

01636 

3304 

DCA 

LOCI 

01637 

1304 

TAD 

LOCI 

Cl  640 

1300 

TAD 

MA260 

01641 

7510 

SPA 

01642 

5264 

JMP 

ERROR 

01643 

7200 

CLA 

01644 

1304 

TAD 

LOCI 

0 1645 

1301 

TAD  MA267 

01646 

7540 

SMA 

SZA 

01647 

5264 

JMP 

ERROR 

01650 

7200 

CLA 

01651 

1304 

TAD 

LOCI 

C1652 

1300 

TAD 

MA260 

01653 

3304 

DCA 

LOCI 

01654 

1166 

TAD 

L0C2 

01655 

7104 

CLL 

RAL 

01656 

7006 

RTL 

01657 

1304 

TAD 

LOCI 

01660 

3166 

DCA 

L0C2 

01661 

2302 

ISZ 

CTN4 

01662 

5272 

JMP 

OCTALL  .< 

01663 

5626 

JMP 

1 OCTALL 

01664 

7200 

ERROR, 

CLA 

01665 

1164 

TAD 

P277 

01666 

4167 

JMS 

TPE 

01667 

1165 

TAD 

P207 

01670 

4167 

JMS 

TPE 

01671 

1163 

TAD 

P2  1 5 

01672 

4167 

JMS 

TPE 

01673 

1176 

TAD 

P2  12 

01674 

4167 

JMS 

TPE 

01675 

5300 

JMP 

OCTALL  .H 

01676 

7774 

MA4, 

-4 

01677 

0260 

P260, 

260 

01700 

7520 

MA260, 

-260 

01701 

7511 

MA267, 

-267 

01702 

0000 

CTN4, 

0 

01703 

0000 

TEMP, 

0 

01704 

0000 

LOCI, 

0 

/IS  IT  GREATER  THAN  0? 


/ IS  IT  LESS  THAN  ONE? 


01730 

0000 

TPH, 

0 

01731 

3363 

DCA 

SAA 

/ADDRESS 

01732 

1362 

TAD 

MA30 

01733 

3364 

DCA 

SAC 

01734 

'763 

TAD 

1 SAA 

01735 

6041 

TSF 

01736 

5335 

JMP 

.-1 

01737 

6046 

TLS 

01740 

7200 

CLA 

C 1741 

2363 

ISZ 

SAA 

1 1742 

2 364 

ISZ 

SAC 

01743 

5334 

JMP 

.-7 

/ TYPE  OUT 

01744 

7200 

CLA 

01745 

6031 

KSF 

01746 

5345 

JMP 

.-1 

01747 

6036 

KRB 

/ ACCEPT  REPLY 

01750 

6046 

TLS 

01751 

1157 

TAD 

M2 1 5 

/CARRIAGE  ? 

0 1752 

7440 

SZA 

01753 

5344 

JMP 

.-7 

01754 

6041 

TSF 

01755 

5354 

JMP 

, - 1 

01756 

1176 

TAD 

P2  12 

/ LINE  FEED 

01757 

6046 

TLS 

01760 

7200 

CLA 

01761 

5730 

JMP 

1 TPH 

01762 

7750 

MA30, 

-30 

01763 

0000 

SAA, 

0 

01764 

0000 

SAC, 

0 

*2200 

/ZERO  TEST  PROGRAM 


02200 

7200 

BEGIN, 

CLA 

02201 

1332 

TAD  M4 

02202 

3134 

DCA  CNT1  /4LINES 

02203 

1331 

BEG, 

TAD  M8  /8C0UNTERS 

02204 

3136 

DCA  CNT2 

02205 

1327 

TAD  P53  /ADDRESS  OF  COUNTER  READ 

02206 

3015 

DCA  AUT1 

02207 

1327 

TAD  P53 

02210 

3016 

DCA  AUT2 

0221  1 

4733 

JMS  1 RDLP1  /READ  COUNTERS  FI 

02212 

1 116 

TAD  P20 

02213 

3057 

DCA  02 

02214 

4407 

JMS  1 7 

02215 

2040 

FSUB  40 

02216 

5056 

FGET  C2 

02217 

3022 

FMPY  AONE 

02220 

4054 

FDIV  C1/DIVIDE  COUNTER  READINGS  1 

02221 

6056 

FPUT  C2 

02222 

2040 

FSUB  40 

02223 

5060 

FGET  C3 

02224 

3022 

FMPY  AONE 

02225 

4054 

FDIV  Cl 

02226 

6060 

FPUT  C3 

02227 

2040 

FSUB  40 

02230 

5062 

FGET  C4 

02231 

3022 

FMPY  AONE 

02232 

4054 

FDIV  Cl 

02233 

6062 

FPUT  C4 

02234 

2040 

FSUB  40 

02235 
022  36 
02237 

02240 

02241 

02242 

02243 

02244 
G2245 

02246 

02247 
02250 

02251 

02252 

02253 

02254 

02255 

02256 
02257 
02260 
02261 
02262 

02263 

02264 

02265 

02266 
02267 
02270 

02271 

02272 

02273 

02274 

02275 

02276 
02277 
02300 
02301. 
02  302 

02303 

02304 

02305 

02306 
02307 
02310 

02311 

02312 
0231  3 

02314 

02315 

02316 
02317 
02320 
02321 
02322 

02323 

02324 

02325 

02326 
02  327 

02330 

02331 

02332 

02333 


5064 

3022 

4054 

6064 

2040 

5066 

3022 

4054 

6066 

2040 

5070 

3022 

4054 

6070 

2040 

5072 

3022 

4054 

6072 


FGET  C5 
FMPY  AONE 
FDIV  Cl 
FPUT  C5 
FSUB  40 
FGET  C6 
FMPY  AONE 
FDIV  Cl 
FPUT  C6 
FSUB  40 
FGET  C7 
FMPY  AONE 
FDIV  Cl 
FPUT  C7 
FSUB  40 
FGET  C8 
FMPY  AONE 
FDIV  Cl 
FPUT  C8 


0000 

FEXT 

7200 

CLA 

1415 

ST0R1 , 

TAD 

1 AUT 1 

3330 

DCA 

STORE  1 

1415 

TAD 

1 AUT1 

3016 

DCA 

AUT2 

1330 

TAD 

STORE  1 

3016 

DCA 

AUT2 

2136 

ISZ 

CNT2 

5262 

JMP 

ST0R1 

4575 

JMS 

1 UDPNT 

0054 

Cl 

4024 

JMS 

SPACE 

4575 

JMS 

1 UDPNT 

0056 

C2 

4024 

JMS 

SPACE 

4575 

JMS 

1 UDPNT 

0060 

C3 

4024 

JMS 

SPACE 

4575 

JMS 

1 UDPNT 

0062 

C4 

4024 

JMS 

SPACE 

4575 

JMS 

1 UDPNT 

0064 

C5 

4024 

JMS 

SPACE 

4575 

JMS 

1 UDPNT 

0066 

C6 

4024 

JMS 

SPACE 

4575 

JMS 

1 UDPNT 

0070 

C7 

4024 

JMS 

SPACE 

1163 

TAD 

P2 '5 

4167 

JMS 

TPE 

1176 

TAD 

P2'2 

4167 

JMS 

TPE 

2134 

ISZ 

CNT1 

5203 

JMP 

BEG 

4554 

JMS 

1 HED 

5325 

JMP 

,-  1 

0053 

P53. 

53 

0000 

STORE  1, 

0 

/SWAP  COUNTER  READINGS 


/TYPE  OUT  COUNTER  READINGS 


7770  M8, 

7774  M4. 

3600  RDLP1 , 


7770 

7774 

3600 


2400 

7200 

1366 

3365 

6031 

5203 

6036 

6046 

3364 

1364 

1155 

7450 

52  35 

7200 

1364 

1156 

7450 

5252 

7200 

1364 

1157 

1157 

7450 

5304 

7200 

1364 

1161 

7450 

5554 

5346 

4771 

7300 

1166 

7010 

7430 

53^6 

7300 

1166 

4317 

7200 

H66 

3365 

1162 

1365 

4772 

1162 

4167 

1365 

3300 

4767 

0000 

7200 

1162 

4167 

6031 

5265 

6034 

3364 

1364 

1157 

7440 

5276 

5304 

7200 

1365 

3302 

4770 

0000 

5252 

2365 

2 365 

1163 

4167 

1176 

4167 

1365 

3166 

1166 

4317 

5203 

0000 

1360 

7510 

5346 

7200 

1166 

1361 

7500 

5332 

7200 

5717 

7200 

1362 

1166 

7510 

5346 

7200 

1 166 

1363 

7540 

5346 

7200 

57'7 

7200 

1164 

4167 

1165 

4167 

1163 

4167 

1176 

4167 

5203 


6 


/DECIMAL  TYPEIN  FOR  CAPSULE  PARAMETERS 


UDP 


COUNNO,  CLA 
TAD  PB3000 
DCA  aDPTI 
KEY.  KSF 
JMP  .-1 
KRB 
TLS 

DCA  L0C3 
TAD  L0C3 
TAD  M2  52 
SNA 

JMP  ADPT 
CLA 

TAD  L0C3 
TAD  M240 
SNA 

JMP  PARAM 
CLA 

TAD  L0C3 
TAD  M2  15 
TAD  M2 1 5 
SNA 

JMP  LNFD 
CLA 

TAD  L0C3 
TAD  M244 
SNA 

JMP  I HED 
JMP  EROR 

ADPT,  JMS  I OCT 
CLA  CLL 
TAD  L0C2 
RAR 

SZL 

JMP  EROR 
CLA  CLL 
TAD  L0C2 
JMS  CKE 
CLA 

TAD  L0C2 
OCA  ADPTI 
TAD  P240 

PARAM,  TAD  ADPT 
JMS  I OTPE 
TAD  P240 
JMS  TPE 
TAD  ADPTI 
DCA  TPOUT 
TPOUT,  JMS 
LOOO 
CLA 

TAD  P240 
JMS  TPE 
KSF 

JMP  . - 1 
KRS 

DCA  L0C3 
TAD  L0C3 
TAD  M2  15 
SZA 

JMP  ,+2 
JMP  LNFD 
CLA 

TAD  rtDPT  1 
DCA  PRNT  ,+1 
PRNT,  JMS  I D I 

cooo 

JMP  PARAM 
LNFD,  ISZ  ADPT 
ISZ  ADPTI 
TAD  P2  1 5 
JMS  TPE 
TAD  P2 '2 
JMS  TPE 
TAD  ADPTI 
DCA  L0C2 
TAD  L0C2 
JMS  CKE 
JMP  KEY 
CKE,  L 

TAD  M3000 
SPA 

JMP  EROR 
CLA 

TAD  L0C2 
TAD  M31 77 
SMA 

JMP  .+3 
CLA 

JMP  I CKE 
CLA 

TAD  M6000 
TAD  L0C2 
SPA 

JMP  EROR 
CLA 

TAD  L0C2 
TAD  M61 35 
SMA  SZA 
JMP  EROR 
CLA 

JMP  I CKE 
EROR,  CLA 
TAD  P277 
JMS  TPE 
TAD  F207 
JMS  TPE 
TAD  P215 
JMS  TPE 
TAD  F212 
JMS  TPE 
JMP  KEY 


/BETWEEN  3300-3177/ 7 


/BETWEEN  6000-6135 


02560 

5000 

M300G, 

-3000 

02561 

4601 

M3177. 

-3177 

L2562 

2000 

M6000, 

-6000 

02563 

1643 

M6135. 

-6135 

02564 

0000 

L0C3, 

0 

02565 

0000 

ADPTI, 

0 

02566 

3000 

PB3000, 

, 3000 

02567 

7000 

UDP, 

UDPRNT 

02570 

6600 

DICO, 

6600/ D 1 < 

02571 

1626 

OCTOL, 

OCTALL 

C2572 

1600 

OTPE, 

OTYPE 

/OCTAL  TYPEIN  FOR  FLOW  SETTINGS 


02600 

7200 

CONNO, 

CLA 

02601 

1333 

TAD  P3200 

02602 

3334 

DCA 

FLPT  1 

02603 

6031 

KSF 

G2604 

5203 

JMP 

.-1 

02605 

6036 

KRB 

02606 

6046 

TLS 

02607 

3166 

DCA 

L0C2 

02610 

1166 

TAD 

L0C2 

02611 

1155 

TAD 

M252  /*? 

02612 

7450 

SNA 

02613 

52  34 

JMP 

FLPT 

02614 

7200 

CLA 

02615 

1166 

TAD 

L0C2 

02616 

1156 

TAD 

M240  /SPACE? 

02617 

7450 

SNA 

02620 

52  56 

JMP 

OTP 

02621 

7200 

CLA 

02622 

1166 

TAD 

L0C2 

02623 

1157 

TAD 

M2  15 

02624 

7450 

SNA 

/ CR? 

02625 

5276 

JMP 

LFND 

02626 

7200 

CLA 

02627 

1166 

TAD 

L0C2 

02630 

1161 

TAD 

M2  44 

02631 

7450 

SNA 

/$? 

02632 

5554 

JMP 

1 HED 

02633 

5304 

JMP 

ERRR 

02634 

4735 

FLPT , 

JMS  1 OCTEL 

02635 

7300 

CLA 

CLL 

02636 

1166 

TAD 

L0C2 

02637 

4316 

JMS 

CHK 

02640 

5244 

JMP 

.+4 

02641 

1334 

TAD 

FLPT1  /FLOW  ADDRESS 

02642 

4316 

JMS 

CHK 

02643 

5246 

JMP 

. + 3 

02644 

1166 

TAD 

L0C2 

02645 

3334 

DCA 

F LPT  1 

02646 

1162 

TAD 

P240 

02647 

4167 

JMS 

TPE 

02650 

1334 

TAD 

FLPT  1 

02651 

4736 

JMS 

1 OTPA 

02652 

1162 

TAD 

P240 

02653 

02654 

4167 

JMS 

TPE 

1734 

TAD 

1 FLPT  1 

02655 

4736 

JMS 

1 OTPA 

02656 

7200 

OTP, 

CLA 

02657 

1162 

TAD 

P240 

02660 

4167 

JMS 

TPE 

02661 

6031 

KSF 

02662 

5261 

JMP 

.-1 

02663 

6034 

KRS 

02664 

3166 

DCA 

L0C2 

02665 

1166 

TAD 

L0C2 

02666 

1157 

TAD 

M2  15 

02667 

7440 

SZA 

02670 

5272 

JMP 

.+2 

02671 

5276 

JMP 

LFND 

02672 

7200 

CLA 

02673 

4735 

JMS 

1 OCTEL 

02674 

1166 

TAD 

L0C2 

02675 

3734 

DCA 

1 FLPT1 

02676 

2334 

LFND, 

ISZ  FLPT1 

02677 

1163 

TAD 

P2  1 5 

02700 

4167 

JMS 

TPE 

02701 

1176 

TAD 

P2  12 

0 2702 

4167 

JMS 

TPE 

02703 

5306 

JMP 

CONNO  .+3 

02704 

7200 

ERRR, 

CLA 

02705 

1164 

TAD 

P277 

02706 

4167 

JMS 

TPE 

02707 

1165 

TAD 

P207 

02710 

4167 

JMS 

TPE 

0271  1 

1 1 63 

TAD 

P2  15 

02712 

4167 

JMS 

TPE 

02713 

1176 

TAD 

P212 

02714 

4167 

JMS  TPE 

C2715 

5320 

JMP  CONNO  .+3 

02716 

0000 

CHK , 

0 

02717 

1166 

TAD  L0C2 

02720 

1331 

TAD  M3200 

0272  1 

7510 

SPA 

02722 

5304 

JMP  ERRR 

02723 

7200 

CLA 

02724 

1332 

TAD  M3377 

02725 

7540 

SMA  SZA 

02726 

5304 

JMP  ERRR 

02727 

7200 

CLA 

02730 

5716 

JMP  1 CHK 

02731 

4600 

M3200, 

-3200 

02732 

4401 

M3377. 

-3377 

02733 

3200 

P3200, 

3200 

02734 

0000 

FLPT  1 , 

C 

02735 

1626 

OCTEL, 

OCTALL 

02736 

1600 

OTPA, 

OTYPE 

7 


/ CONVERSATION  WITH  OPERATOR 


3 **00  *3400 


03400  7200 

03A01  1332 

03402  46  T i* 

3403  1333 

(.3404  4614 

03405  1334 

03406  4614 

03407  1335 

03410  4614 

03411  1336 

03412  4614 

03413  5227 


CONH,  CLA 
TAD  SA1 
JMS  I TYPH 
TAD  SA2 
JMS  I TYPH 
TAD  SA3 
JMS  I TYPH 
TAD  SA4 
JMS  I TYPH 
TAD  SA5 
JMS  I TYPH 
JMP  TYPLD 


03414  1730 

03415  7200 

03416  1325 

03417  1330 

0 3420  3222 

03421  4575 

03422  0000 

03423  1163 

03424  4167 

03425  1176 

03426  4167 

03427  '331 

03430  3326 

03431  3330 

03432  6031 

03433  5232 

03434  6036 

03435  6046 

03436  3327 

03437  1327 

03440  1157 

03441  7450 

03442  5554 

03443  7200 

03444  1327 

03445  1156 

03446  7450 

03'447  52  76 

03450  7200 

03451  1327 

03452  1340 

03453  7510 


TYPH,  TPH 
NUMBE,  CLA 
TAD  P3000 

TAD  PARI  /SET  ADDRESS  FOR  CONVERSATION 

DCA  DIA  .+' 

DIA,  JMS  I UDPNT 
0000 

TAD  P2  1 5 
JMS  TPE 
TAD  P212 
JMS  TPE 

TYPLD,  TAD  M3  / ACCEPT  CAPSULE  NUMBER 

DCA  CTN3 
DCA  PARI 
KSF 

JMP  ' 

KRB 

TLS 

DCA  FIN 
TAD  FIN 

TAD  M2 15  / CR? 

SNA 

JMP  I HED 
CLA 

TAD  FIN 

TAD  M240  / SPACE? 

SNA 

JMP  SPCE 
CLA 

TAD  FIN 
TAD  MD260 

SPA  / IS  IT  GREATER  THAN  0? 


03454  5313 

03455  7200 

03456  1327 

03457  1341 

03460  7540 

03461  5313 

03462  7300 

03463  1327 

03464  1330 

03465  7104 

C3466  7006 
03467  3330 

03470  1327 

03471  1340 

03472  1330 

03473  2326 

03474  5301 

03475  5301 

03476  1326 

03477  7440 

03500  5313 

03501  1330 

03502  1337 

03503  7540 

03504  5313 

03505  7300 

03506  1330 

03507  7010 

03510  7430 

03511  5313 

03512  5215 

03513  7200 

03514  1164 

03515  4167 

03516  1165 

03517  4167 

03520  II63 
0352'  4167 

03522  1176 

03523  4167 

03524  5227 

03525  3000 

03526  0000 
03527  0000 
03530  0000 

03531  7775 

03532  6400 

03533  6431 

03534  6466 

03535  6516 

03536  6546 

03537  7602 

03540  7520 

03541  7511 


JMP  ERORR 
CLA 

TAD  FIN 
TAD  MD267 

SMA  SZA  / IS  IT  LESS  THAN  7? 

JMP  ERORR 
CLA  CLL 
TAD  FIN 
TAD  PARI 
CLL  RAL 
RTL 

DCA  PARI 
TAD  FIN 

TAD  MD260  / PLACE  IN  ADDRESS 

TAD  PARI 

ISZ  CTN3 

JMP  TYPLD  .+2 

JMP  TYPLD  .+2 

SPCE,  TAD  CTN3  /CHECK  FOR  NUMBER  OF  DIGITS 
SZA 

JMP  ERORR 
TAD  PARI 

TAD  M176  /LESS  THAN  176? 

SMA  SZA 
JMP  ERORR 
CLA  CLL 
TAD  PARI 
RAR 

SZL  /EVEN? 

JMP  ERORR 
JMP  NUMBE 
ERORR,  CLA 
TAD  P277 
JMS  TPE 
TAD  P207 
JMS  TPE 
TAD  P2'5 
JMS  TPE 
TAD  P212 
JMS  TPE 
JMP  TYPLD 
P3000,  3000 

CTN3,  0 
FIN,  0 
PARI,  0 
M3,  -3 

SA1,  SAY1 
SA2,  SAY2 
SA3,  SAY  3 

SA4,  SAY4 
SA5,  SAY5 

mi  76,  -'76 

MD260,  -260 

MD267,  -267 


/ READ  COUNTERS  FOR  1 SECOND 
3600  *3600 


03600  0000 

03601  6701 
03602  6611 

03603  6621 

03604  6631 

03605  6641 

03606  6751 

03607  6661 
03610  6601 

03611  6711 

03612  6514 

(-361 3 6524 

03614  6534 

03615  6544 

03616  6554 

03617  6674 

03620  6504 

03621  6722 

03622  6512 

03623  6522 

03624  6532 

03625  6542 

03626  6552 

03627  6672 

03630  6502 


RDLP,  0 
SP1 
SP2 
SP3 
SP4 
SP5 
SP6 
SP7 
SP8 
CC1 
CC2 
CC3 
CC4 
CC5 
CC6 
CC7 
cc8 

CF 1 
CF2 
CF3 
CF4 
CF5 
CF6 

CFZ 

CF8 


03631 

7200 

CLA 

03632 

1133 

TAD 

MA2 

SS3 

3055 

3057 

DCA 

DCA 

01 

02 

03635 

3061 

DCA 

03 

03636 

3063 

DCA 

04 

03637 

3065 

DCA 

05 

03640 

3067 

DCA 

06 

03641 

3071 

DCA 

07 

03642 

3073 

6704 

DCA 

08 

03643 

ST1 

03644 

6614 

ST2 

03645 

6624 

ST3 

03646 

6634 

ST4 

03647 

6644 

ST5 

03650 

6754 

ST6 

03651 

6664 

ST7 

03652 

6604 

ST8 

03653 

672  1 

RDLOP, 

FC 1 

03654 

5321 

JMP 

F L 1 

03655 

651 1 

FC2 

03656 

5274 

JMP 

FL2 

03657 

6521 

FC3 

03660 

5277 

JMP 

FL3 

03661 

6531 

FC4 

03662 

5302 

JMP 

FL4 

/ CLEAR  FLAG 


/ SET  OVERFLOWS 


03663 

03664 


6541 
5305 

03665  6551 

03666  5310 
03667  6671 

03670  5313 

03671  6501 

03672  5316 

03673  5253 

03674  6512 

03675  2057 

03676  5253 

03677  6522 
03700  2061 

03701  5253 

03702  6532 

03703  2063 

03704  5253 

03705  6542 

03706  2065 

03707  5253 

03710  6552 

03711  2067 

03712  5253 

03713  6672 

03714  2071 

03715  5253 

03716  6502 

03717  2073 

03720  5253 

03721  6722 

03722  2055 

03723  5253 

03724  6703 

03725  3054 

03726  6613 

03727  3056 

03730  6623 

03731  3060 

03732  6633 

03733  3062 

03734  6643 

03735  3064 

03736  6753 

03737  3066 

03740  6663 

03741  3070 

03742  6603 

03743  3072 

03744  5600 


FC5 

JMP  FL5 
FC6 

JMP  FL6 
FC7 

JMP  FL7 
FC8 

JMP  FL8 
JMP  RDLOP 
FL2,  CF2 
ISZ  02 
JMP  RDLOP 
FL3.  CF3 
ISZ  03 

JMP  RDLOP 
FL4,  CF4 
ISZ  04 
JMP  RDLOP 
FL5,  CF5 
ISZ  05 

JMP  RDLOP 
FL6,  CF6 
ISZ  06 
JMP  ROLOP 
FL7,  CF7 
ISZ  07 

JMP  RDLOP 
FL8,  CF8 
ISZ  08 
JMP  RDLOP 
FL 1 , CF1 
ISZ  01 
JMP  RDLOP 
SR8 
DCA  Cl 
SR2 

DCA  C2 
SR3 

DCA  C3 
SR4 

DCA  C4 
SR  5 

DCA  C5 
SR6 

DCA  C6 
SR  7 

DCA  C7 
SRI 

DCA  C8 
JMP  I RDLP 


/STOP  AND  READ 


8 


04130 

6656 

RCPH 

04131 

0352 

AND  P777 

04132 

3350 

DCA  BP 

04133 

1353 

TAD  Mil 

(4134 

3351 

DCA  CP 

04135 

'350 

DETEC, 

TAD  BP 

04136 

1747 

TAD  1 AP 

04137 

2347 

ISZ  AP 

/FLAG  LOOP  AND  PHOTOCELL  DECODER 

04140 

7450 

SNA 

/CHANGE  HARDWARE, PH0T0CELL3  DELAY 

04 1 4 1 

5747 

JMP  1 AP 

04142 

2347 

ISZ  AP 

04143 

7200 

CLA 

04144 

2351 

ISZ  CP 

04145 

5335 

JMP  DETEC 

04146 

5355 

JMP  MISFIR 

c 4 1 47 

0000 

AP, 

0 

4000 

*4000 

/TEST  FLAG  ' 

04150 

0000 

BP, 

C 

o4ooo 

6721 

FLGP.FC1 

04151 

0000 

CP, 

0 

04001 

5241 

JMP  ONE 

/SERVICE  IT 

04152 

0777 

P777, 

777 

04002 

6651 

R 1 , FPH 

/TEST  PHOTOCELLS 

04153 

7767 

Ml  1 , 

- 1 1 

04003 

5301 

JMP  PHO 

/SERVICE  IT 

04154 

4253 

AAP, 

APP 

04004 

6511 

FC2 

/TEST  FLAG  2 

04155 

7200 

MISFIR, 

CLA 

04005 

5245 

JMP  TWO 

/ECT 

(4156 

1506 

TAD  1 FLOWP 

04006 

6651 

R2 , FPH 

(4157 

0107 

AND  PUMP 

04007 

5301 

JMP  PHO 

04160 

6733 

SFB 

04010 

652  1 

FC3 

04161 

7200 

CLA 

04011 

5251 

JMP  THR 

04162 

1123 

TAD  P315 

04012 

6651 

R3,  FPH 

04163 

4167 

JMS  TPE 

04013 

5301 

JMP  PHO 

04164 

1163 

TAD  P2  15 

04014 

6531 

FC4 

04165 

4167 

JMS  TPE 

04015 

5255 

JMP  FOR 

04166 

1176 

TAD  P212 

04016 

6651 

R4,  FPH 

04167 

4167 

JMS  TPE 

04017 

5301 

JMP  PHO 

(4170 

7402 

HLT 

04020 

6541 

FC5 

04171 

6652 

CPH 

04021 

5261 

JMP  FIV 

04172 

1124 

TAD  P26 

04022 

6651 

R5,  FPH 

04173 

6743 

SVB 

04023 

5301 

JMP  PHO 

(4174 

7200 

CLA 

04024 

6551 

FC6 

04175 

1506 

TAD  1 FLOWP 

04025 

5265 

JMP  SIX 

04176 

6733 

SFB 

04026 

6651 

R6 , FPH 

04177 

5421 

JMP  1 FLOSD 

04027 

5301 

JMP  FHO 

04030 

6671 

FC7 

04031 

5271 

JMP  SEV 

4200 

*4200 

04032 

6651 

R7,  FPH 

04033 

5301 

JMP  °H0 

04034 

6501 

FC8 

o4200 

04035 

5275 

JMP  EIT 

1113 

PH2 , 

TAD  P3 

04036 

6651 

R8,  FPH 

04201 

6743 

SVB 

04037 

5301 

JMP  FHO 

/REPEAT 

04202 

7200 

CLA 

C4040 

5200 

JMP  FLGP 

04203 

5675 

JMP  1 FGAP 

04041 

04042 

04043 

04044 

6722 

2055 

5202 

5202 

ONE.  CF 1 

ISZ  01 

JMP  R1 

JMP  R 1 

0^00 

r-  X-  -C- 

0000 
'"j  cTNvn  x- 

7200 

6561 

6572 

5206 

PHD, 

CLA 

STD1 

SKD1 

JMP  .-1 

(.4045 

6512 

TWO,  CF2 

/CLEAR  FLAG  2 

04210 

6733 

SFB 

C4046 

2057 

ISZ  02 

/ 1 NCREMEMT  OVERFLOW  2 

042H 

6571 

STD2 

04047 

5206 

JMP  R2 

/RETURN 

04212 

6562 

SK02 

04050 

5206 

JMP  R2 

04213 

5212 

JMP  .-1 

04051 

6522 

THR.  CF 3 

042  14 

1273 

TAD  PD22 

4052 

2061 

ISZ  03 

04215 

4676 

JMS  1 PCKE 

04053 

5212 

JMP  R3 

04216 

6561 

STD1 

04054 

5212 

JMP  R3 

04217 

6572 

SKD1 

04055 

6532 

FOR.  CF4 

04220 

5217 

JMP  .-1 

04056 

2063 

ISZ  04 

04221 

7200 

CLA 

04057 

5216 

JMP  R4 

04222 

1506 

TAD  1 FLOWP 

04060 

5216 

JMP  R4 

04223 

6733 

SFB 

04061 

6542 

FIV,  CF5 

04224 

7200 

CLA 

04062 

2065 

ISZ  05 

04225 

1101 

TAD  C0UN4 

C4063 

5222 

JMP  R5 

04226 

4672 

JMS  1 OUTT 

(.4064 

5222 

JMP  R5 

04227 

5674 

JMP  1 UT3 

04065 

6552 

SIX,  CF6 

042  30 

1176 

FLOD, 

TAD  P212 

04066 

2067 

ISZ  06 

C42  3 1 

4167 

JMS  TPE 

04067 

5226 

JMP  R6 

04232 

1176 

TAD  P2  ’2 

04O7O 

5226 

JMP  R6 

04233 

4167 

JMS  TPE 

04071 

6672 

SEV,  CF7 

04234 

4554 

JMS  1 HED 

04072 

2071 

ISZ  07 

04235 

5525 

JMP  1 FLOWD 

04073 

5232 

JMP  R7 

04236 

1076 

PH4, 

TAD  COUNI 

04074 

52  32 

JMP  R7 

04237 

5671 

JMP  1 STO 

4075 

6502 

EIT,  CF8 

04240 

1077 

PH5, 

TAD  C0UN2 

04076 

2073 

ISZ  08 

04241 

5671 

JMP  1 STO 

"4077 

52  36 

JMP  R8 

04242 

1100 

PH6, 

TAD  C0UN3 

04100 

52  36 

JMP  R8 

04243 

5671 

JMP  1 STO 

04101 

7200 

PHO,  CLA 

/READ  RUNNING  COUNTER  1 

04244 

1506 

PH9, 

TAD  1 FLOWP 

04102 

6707 

RR 1 

04245 

0107 

AND  PUMP 

04103 

3054 

DCA  Cl 

/DEPOSIT  READING 

04246 

6733 

SFB 

04104 

6617 

RR2 

04247 

7200 

CLA 

04105 

3056 

DCA  C2 

04250 

3104 

DCA  CHECK 

04106 

6627 

RR3 

04251 

1101 

TAD  C0UN4 

04107 

3060 

DCA  C3 

04252 

5671 

JMP  1 STO 

041 10 

6637 

RR4 

04253 

7771 

APP, 

7771 

041 1 1 

3062 

DCA  C4 

04254 

5200 

JMP  FH2 

04112 

6647 

RR5 

04255 

7306 

7306 

04113 

3064 

DCA  C5 

04256 

5200 

JMP  PH2 

04114 

6757 

RR6 

04257 

7775 

7775 

04115 

3066 

DCA  C6 

04260 

5204 

JMP  PHD 

04116 

6667 

RR7 

04261 

7770 

7770 

04117 

3070 

DCA  C7 

04262 

5236 

JMP  PH4 

C4120 

6607 

RR8 

04263 

7750 

7750 

C4121 

3072 

DCA  C8 

04264 

5240 

JMP  PH5 

04122 

6652 

CPF 

04265 

7710 

7710 

04123 

6654 

RPH 

04266 

5242 

JMP  PH6 

04124 

7201 

CLA 

1 AC 

04267 

7310 

7310 

04125 

3104 

DCA 

CHECK 

04270 

5244 

JMP  FH9 

04126 

1354 

TAD 

AAP 

04271 

4400 

STO, 

STOR 

04127 

3347 

DCA 

AP 

042  72 

5033 

OUTT, 

OUT 

04273 

0022 

PD22 , 

22 

04274 

5014 

UT3, 

0UT3 

04275 

4000 

FGAP, 

FLGP 

04276 

5057 

PCKE , 

CPKE 
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/CALCULATING  PROGRAM  TO  OBTAIN  USEFUL  DATA 
/DEPOSIT  THE  COUNTER  READINGS 


04527  0000 
(.1*530  7200 


C4531 

04532 


1112 

1257 


4400 

*4400 

/AC  CONTAINS  LOCATION 

04400 

3356 

STOR.  DCA  COU 

/STORE  LOCATION 

04401 

1357 

TAD 

CT17 

/MINUS  '7 

04402 

3360 

OCA 

CTR17 

/COUNTER 

04403 

1075 

TAD 

COUNO 

/FETCH  LOCATION 

04404 

3370 

DCA 

COUNTR 

04405 

1770 

TAD 

1 COUNTR 

/LOOP, STORE  PERMANENT  DATA 

04406 

3756 

DCA 

1 COU 

04407 

2370 

ISZ 

COUNTR 

C4410 

2356 

ISZ 

COU 

0441 1 

2360 

ISZ 

CTR17 

C4412 

5205 

JMP 

.-5 

04413 

1104 

TAD 

CHECK 

/SHALL  WE  CALCULATE? 

04414 

7440 

SZA 

04415 

5762 

JMP 

1 FLAG 

/SUBTRACT  COUNTER  READINGS  ( B-A  ) 

04416  1103  CALCU,  TAD  C0UN6 

04417  3256  DCA  CAL3  /MASTER  ADDRESS  OF  B.  FIRST  READING  OF  LAST  TEST 

04420  1122  TAD  M10 

0442 1 3254  DCA  C0NTR2  / 8 COUNTER  READINGS 

04422  1256  CLOOP,  TAD  CAL3 

04423  3260  DCA  CALI  /ADDRESS  OF  B 

04424  1260  TAD  CALI 

04425  1261  TAD  M20 

04426  3257  DCA  CAL2  /ADDRESS  OF  A 

04427  1120  TAD  M5 

04430  3255  DCA  C0NTR1 

04431  4407  CALOP.  JMS  I 7 

04432  5660  FGET  I CALI 

04433  2657  FSUB  I CAL2 

C4434  6660  FPUT  I CALI 

04435  COOO  FEXT 

04436  7200  CLA 

04437  1257  TAD  CAL2 

04440  3260  DCA  CALI 

04441  1260  TAD  CALI 

04442  1261  TAD  M20 

04443  3257  DCA  CAL2 

04444  2255  ISZ  C0NTR1  / 6 TEST  SECTIONS 


/ 6 TEST  SECTIONS.  5 SUBTRACTIONS 


/FIRST  READING  OF  PREVIOUS  TEST  SECTION 


04533  3257 

04534  1116 

04535  1260 

04536  3260 

04537  2254 

04540  5322 

04541  1077 

04542  3074 

04543  5771 

04544  0000 

04545  7300 

04546  1367 

04547  3765 

04550  1077 

04551  3764 

04552  5744 

04553  4766 

04554  5763 

04555  6000 

04556  0000 

04557  7761 

04560  0000 

04561  0054 

04562  4001 

04563  5000 

04564  7161 

04565  7163 

04566  7141 

04567  7730 

04570  0000 

04571  5765 
5000 

05000  1077 

05001  4233 

05002  1276 

05003  4257 

05004  7200 

05005  656I 

05006  6572 

05007  5206 
05010  1276 

05011  6733 

05012  7200 

05013  5673 

05014  7200 

05015  1106 

05016  1111 
05017  3106 

05020  1110 


FEXT 
CLA 
TAD  P2 
TAD  CAL2 
DCA  CAL2 
TAD  P20 
TAD  CALI 
DCA  CALI 

ISZ  C0NTR2  / 5 GROUPS 

JMP  CALP  /TO  CALCULATE  THE  VARIABLES 

TAD  C0UN2 

DCA  KOUN 

JMP  I CANNS 

CALA,  OCOO 

CALB,  CLA  CLL 
TAD  M60 

DCA  I P0N2 
TAD  C0UN2 
DCA  I PON  1 
JMP  I CALA 
SWEP , JMS  I SWP 
JMP  I OUTPUT 
LENG.  LEN 
COU,  0 
CT17.  -17 
CTR17,  0 
COUNO,  Cl 
FLAG,  4001 
OUTPUT,  0UT1 
PON  1 , 7161 

P0N2 , 7163 

SWP,  SWAP 
M60,  -50 

COUNTR.O 
CANNS.  CANS 
*5000 

0UT1 , TAD  C0UN2 
JMS  OUT 
TAD  PI 
JMS  CPKE 
CLA 
STD1 
SKD1 
JMP  .-1 
TAD  PI 
SFB 
CLA 

JMP  I PHL 
0UT3,  CLA 

TAD  FLOWP 
TAD  INCREM 
DCA  FLOWP 
TAD  FLOWC 


/TYPE  OUT 


C4445 

(.4446 

5231 

1112 

JMP  CALOP  /REPEAT 

TAO  P2 

C5021 

05022 

1111 

7510 

TAD  INCREM 

SPA 

C4447 

1256 

TAD  CAL3 

05023 

05024 

5225 

JMP  .+2 

(.4450 

32  56 

DCA  CAL3  /NEXT  READING  OF  LAST  TEST  SECTION 

5227 

JMP  .+3 

04451 

2254 

ISZ  C0NTR2  /8  COUNTER  READINGS 

05025 

3110 

DCA  FLOWC 

C4452 

5222 

JMP  CLOOP 

05026 

5672 

JMP  1 FLOSS 

04453 

5262 

JMP  NORM  /DIVIDE 

05027 

7200 

CLA 

04454 

0000 

C0NTR2 , 0 

05030 

1274 

TAD  P255 

G4455 

0000 

C0NTR1,  0 

05031 

4167 

JMS  TPE 

C4456 

0000 

CAL3,  0 

05032 

5675 

JMP  1 LDR 

04457 

0000 

CAL2 , 0 

05033 

0000 

OUT, 

0 

04460 

0000 

CALI,  0 

05034 

3270 

DCA  P0IN5 

04461 

7760 

M20,  -20 

05035 

1121 

TAD  M7 

0 5036 

3271 

DCA  P0IN6 

/DIVIDE  INTEGRALS  BY  TIME  ( B/A  ) 

05037 

1270 

OUTP , 

TAD  P0IN5 

05040 

3244 

DCA  TELET+1 

04462 

1077 

NORM,  TAD  C0UN2  /FIRST  RESULT 

05041 

2270 

ISZ  P0IN5 

04463 

3260 

DCA  CALI  /ADDRESS  OF  **  , TIME 

05042 

2270 

ISZ  P0IN5 

04464 

1120 

TAD  M5 

05043 

4575 

TELET, 

JMS  1 UDPNT 

04465 

3254 

DCA  C0NTR2  / 5 GROUPS 

05044 

0000 

0 

04466 

1260 

NLOOP,  TAD  CALI 

05045 

1162 

TAD  P240 

04467 

’112 

TAD  P2 

C5046 

4167 

JMS  TPE 

04470 

3257 

DCA  CAL2  /ADDRESS  OF  B,  COUNTER  2 

05047 

2271 

ISZ  P0IN6 

04471 

1121 

TAD  M? 

05050 

52  37 

JMP  OUTP 

04472 

3255 

DCA  C0NTR1  / 7 DIVISIONS  PER  GROUP 

05051 

7200 

CLA 

04473 

4407 

NOLOP,  JMS  1 7 

05052 

1163 

TAD  P2 15 

04474 

5657 

FGET  1 CAL2 

05053 

4167 

JMS  TPE 

04475 

3022 

FMPY  AONE 

05054 

1176 

TAD  P2  '2 

14476 

4660 

FDIV  1 CALI 

05055 

4167 

JMS  TPE 

^4477 

6657 

FPUT  1 CAL2 

05056 

5633 

JMP  1 OUT 

04500 

0000 

FEXT 

05057 

0000 

CPKE, 

0 

04501 

7200 

CLA 

05060 

3277 

OCA  SRT 

04502 

1112 

TAD  P2 

0506 1 

6654 

RPH 

04503 

1257 

TAD  CAL2 

05062 

7510 

SPA 

(.4504 

3257 

OCA  CAL2  / NEXT  COUNTER 

05063 

5700 

JMP  1 MISTAKE 

4505 

2255 

ISZ  C0NTR1 

05064 

7200 

CLA 

.4506 

5273 

JMP  NOLOP  /REPEAT  FOR  ALL  COUNTERS 

05065 

’277 

TAO  SRT 

04507 

1257 

TAD  CAL2 

05066 

6743 

SVB 

04510 

3260 

DCA  CALI  / ADDRESS  OF  A , NEXT  GROUP 

05067 

5657 

JMP  1 CPKE 

04511 

2254 

ISZ  C0NTR2 

05070 

0000 

P0IN5, 

0 

04512 

5266 

JMP  NLOOP  /REPEAT  FOR  ALL  SECTIONS 

05071 

0000 

P0IN6, 

0 

04513 

5314 

JMP  CAPSUL 

05072 

4230 

FLOSS, 

FLOD 

05073 

05074 

4001 

PHL, 

4001 

/ CALCULATE  CAPSULE  VELOCIT  ( LENGTH  / TIME  ) 

0255 

P255. 

255 

04514 

1077 

CAPSUL,  TAD  C0UN2 

05075 

5442 

LDR, 

CONNL 

04515 

3260 

DCA  CALI  / ADDRESS  OF  TIME 

05076 

0001 

PI, 

1 

(.4516 

1120 

TAD  M5 

05077 

0000 

SRT , 

0 

04517 

3254 

DCA  C0NTR2  / 5 GROUPS 

05100 

4155 

MISTAKE 

, MISFIR 

04520 

1355 

TAD  LENG 

0452  1 

3257 

DCA  CAL2  /ADDRESS  OF  LENGTH,  MODIFIED  BY  FREQUENCY 

C4522 

4407 

CALP,  JMS  1 7 

04523 

5657 

FGET  1 CAL2 

04524 

3022 

FMPY  AONE 

04525 

4660 

FDIV  1 CALI 

04526 

6660 

FPUT  1 CALI  /VELOCITY 

05200 

05201 

05202 

05203 

05201* 

05205 

05206 

05207 

05210 

05211 

05212 

05213 

05214 

05215 

05216 

052  17 

05220 

05221 

05222 

05223 

05224 

05225 

05226 

05227 

05230 

05231 

052  32 

05233 

052  34 

05235 

05236 

05237 

05240 

05241 

05242 

05243 

05244 

05245 

05246 

05247 

05250 

05251 

05252 

05253 

05254 

05255 

05256 

05257 

05260 

05261 

05262 

05263 

05264 

05265 

05266 

05267 

05270 

05271 

C5272 

05273 

05274 

05275 

05276 

05277 

05300 

05301 

05302 

05303 

05304 

05305 

05306 

05307 

05310 

05311 

05312 

05313 

05314 

05315 

05316 

05317 

05320 

0532  ’ 

05322 

05323 

05324 

05325 

05326 

05327 

05330 

05331 

05332 

05333 

05334 

05335 

05336 

05337 

05340 

05341 

05342 
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/PROGRAM  TO  TEST  INPUT,  CALCULATOR  AND  OUTPUT 
/DOUBLE  PRECISION  UNSIGNED 


5200 

*5200 

7200 

HAND, 

CLA 

6031 

KSF 

5201 

JMP 

. - ' 

6036 

KRB 

6046 

TLS 

3342 

OCA 

KBD 

1342 

TAD 

KBD 

1341 

TAD 

M303  / C?  CLEAR 

7450 

SNA 

5244 

JMP 

CAC 

7200 

CLA 

1342 

TAD 

KBD 

1335 

TAD 

M253  / + 7 ADD 

7450 

SNA 

5253 

JMP 

CAA 

7200 

CLA 

1342 

TAD 

KBD 

1336 

TAD 

M255  /-  ? SUBTRACT 

7450 

SNA 

5257 

JMP 

CAS 

7200 

CLA 

1342 

TAD 

KBD 

1155 

TAD 

M2 52  / * 7 MULTIPLY 

7450 

SNA 

5263 

JMP 

CAM 

7200 

CLA 

1342 

TAD 

KBD 

1337 

TAD 

M257  / / ? DIVIDE 

7450 

SNA 

5267 

JMP 

CAD 

7200 

CLA 

1342 

TAD 

KBD 

1340 

TAD 

M275  / - ? RESULT  OUTPUT 

7450 

SNA 

5273 

JMP 

CAR 

5200 

JMP 

HAND  /KEY  BOARD 

1334 

CAC,  TAD  P2040 

3247 

OCA  CAC+3 

4407 

JMS 

1 7 

0000 

0000 

6323 

FPUT  HIJ+1 

0000 

0000 

5200 

JMP 

HAND 

1321 

CAA, 

TAD  LOWE 

0327 

AND 

P 377  /ADDRESS  FIELD 

1330 

TAD 

PI  000 

5313 

JMP 

INP  ' 

1321 

CAS. 

TAD  LOWE 

0327 

AND 

P377 

1331 

TAD 

P2000 

5313 

JMP 

INP 

1321 

CAM, 

TAD  LOWE 

0327 

AND 

P377 

1332 

TAD 

PA3000 

5313 

JMP 

INP 

1321 

CAD, 

TAD  LOWE 

0327 

AND 

P377 

1333 

TAD 

P4000 

5313 

JMP 

INP 

1323 

CAR, 

1323  /TAD  HIJ  +2 

3321 

3321 

1 / DCA  HIJ  /CONVENTION 

4726 

JMS 

1 DPRNT 

5322 

HI  J 

6041 

TSF 

5277 

JMP 

1 

7200 

CLA 

1163 

TAD 

P2 1 5 /CARRIAGE  < 

6046 

TLS 

6041 

TSF 

5304 

JMP 

. - | 

7200 

CLA 

1176 

TAD 

P212  /LINE  FEED 

6046 

TLS 

7200 

CLA 

5200 

JMP 

HANO 

3362 

1 NP, 

DCA  CAC  .+3 

4725 

JMS 

1 DCB  /ACCEPT  NUMBER 

5322 

HIJ 

1322 

TAD  HIJ 

3324 

DCA  HIJ+2 

5246 

JMP  CAC+2 

5323 

LOWE, 

HIJ+1 

0000 

HI  J, 

0 /HIGH  INPUT,  OUTPUT 

0000 

0 /LOW 

0000 

0 /HIGH  CALCULATOR 

6600 

DCB, 

6600 

7000 

DPRNT, 

7000 

0377 

P377, 

+377 

1000 

P1000, 

+ 1000 

2000 

P2000, 

+ 2000 

3000 

PA3000, 

+ 3000 

4000 

P4000, 

+4000 

2040 

P2040, 

+2040 

7525 

M253. 

-253 

7523 

M255, 

-255 

7521 

M257 , 

-257 

7503 

M275, 

-275 

7475 

M303, 

-303 

0000 

KBD . 

0 

/ HEADING  AND  CONTROL  PROGRAM 


5400 

*5400 

05400 

0000 

HEADI , 

0 

05401 

6031 

KSF 

1 5402 

5600 

JMP 

1 HEADI 

05403 

C5404 

6036 

6046 

KRB 

TLS 

15405 

3266 

DCA 

FING 

05406 

6041 

TSF 

05407 

5206 

JMP 

.-1 

05410 

1266 

TAD 

FING 

05411 

1267 

TAD  MA303 

05412 

7450 

SNA 

05413 

5670 

JMP 

1 CONC 

05414 

7200 

CLA 

05415 

’266 

TAD 

FING 

05416 

1272 

TAD  MTOI 

05417 

7450 

SNA 

05420 

5702 

JMP 

1 CONNA 

05421 

7200 

CLA 

05422 

1266 

TAD 

FING 

0 542  3 

1273 

TAD 

M310 

05424 

7450 

SNA 

05425 

5674 

JMP 

1 CONNH 

05426 

7200 

CLA 

05427 

1266 

TAD 

FING 

05430 

1275 

TAD  M323 

05431 

7450 

SNA 

0 5432 

5711 

JMP 

1 CONNS 

05433 

05434 

7200 

’266 

CLA 

TAD 

FING 

05435 

1276 

TAD 

M314 

05436 

7450 

SNA 

05437 

5242 

JMP 

CONNL 

05440 

7200 

CLA 

05441 

5600 

JMP 

1 HEADI 

05442 

1277 

CONNL, 

TAD  P26' 

05443 

4167 

JMS 

TPE 

05444 

1163 

TAD 

P2’5 

05445 

4167 

JMS 

TPE 

C 5446 

1176 

TAD 

P212 

05447 

4167 

JMS 

TPE 

05450 

1300 

TAD 

AM200 

05451 

3301 

DCA 

CT200 

05452 

1242 

TAD 

CONNL 

05453 

6041 

TSF 

05454 

5253 

JMP 

. - 1 

05455 

6046 

TLS 

0 5456 

2301 

ISZ 

CT200 

05457 

5253 

JMP 

.-4 

05460 

7200 

CLA 

05461 

1506 

TAD 

1 FLOWP 

05462 

0107 

AND 

PUMP 

05463 

05464 

6733 

7200 

SFB 

CLA 

05465 

7402 

HLT 

05466 

0000 

FING,  0 

i 

05467 

7475 

MA303, 

-303 

05470 

0600 

CONC, 

CONNC 

05471 

0001 

PA1 , 

1 

05472 

7477 

M301, 

-301 

05473 

05474 

7470 

M310,  - 

310 

3400 

CONNH, 

CONH 

05475 

7455 

M323,  - 

323 

05476 

7464 

M314,  - 

314 

05477 

0261 

P261, 

+261 

05500 

7600 

AM200 , 

-200 

05501 

0000 

CT200, 

0 

05502 

1330 

CONNA, 

TAD  P6C 

05503 

3106 

DCA 

FLOWP 

05504 

’331 

TAD 

MNUM 

C5505 

3110 

DCA 

FLOWC 

05506 

1112 

TAD 

12 

05507 

3111 

DCA 

INCREM 

05510 

4732 

JMS  1 COMMS 

05511 

1330 

CONNS, 

TAD  P6C 

05512 

3106 

DCA 

FLOWP 

05513 

1331 

TAD 

MNUM 

05514 

3110 

DCA 

FLOWC 

05515 

’271 

TAD 

PA1 

05516 

3111 

DCA 

INCREM 

05517 

’333 

TAD 

P22 

05520 

6743 

SVB 

05521 

6561 

STD1 

05522 

6572 

SKD1 

05523 

05524 

5322 

7200 

JMP 

CLA 

‘1 

05525 

1506 

TAD 

1 FLOWP 

05526 

6733 

SFB 

05527 

5732 

JMP 

1 COMMS 

05530 

6020 

P6020, 

6020 

05531 

7642 

MNUM, 

7642 

5532 

5600 

COMMS, 

COMS 

05533 

0022 

P22 , 22 
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/PROGRAM  TO  AOJUST  FLOW 


05600 
15601 
0 5602 

05603 

156o4 

05605 

1-5606 

05607 

05610 

05611 

05612 

056U 

05614 

05615 

05616 

05617 
05620 

05621 

05622 
0562- 


0000 

7200 

6031 

5202 

6036 

6046 

"57 

7440 

5201 

6041 

5211 

1176 

4167 

1506 

6733 

7012 

0352 

7041 

3351 

4236 


05751 

0000 

CFPTN, 

0 

05752 

'777 

MASK2 , 

'777 

05753 

7634 

MP144, 

-144 

05754 

4000 

PHCL, 

4000 

05755 

0022 

PA22 , 

22 

05756 

0025 

P25. 

25 

*5600 

05757 

0032 

P32. 

32 

05760 

0062 

P62. 

62 

05761 

7000 

P7000. 

7000 

0 

05762 

0000 

POOOO, 

COOO 

CLA 

05763 

7776 

NUM, 

7776 

KSF 

05764 

0000 

STORE, 

0 

JMP  . - t 

05765 

5600 

CANS, 

JMP  1 

KRB 

TLS 

TAD  M2  15 
SZA 

JMP  .-7 
TSF 

JMP  .-1 
TAD  P2’2 
JMS  TPE 
TAD  I FLOWP 
SFB 
RTR 

AND  MASK2 
CIA 

DCA  CFPTN 


05664 

05665 

05666 
05667 

05670 

05671 

05672 

05673 

05674 

05675 


5754 

7200 

136O 

6743 

4234 

4314 

1351 

0107 

1364 

7510 


JMP  l PHCL 
CLA 

TAD  P62 
SVB 

JMS  TEST 
JMS  DELAY 
TAD  CFPTN 
AND  PUMP 
TAD  STORE 
SPA 


/CALIBRATION  CONSTANTS 
6000  *6000 


/TEST  SECTIONS  LENGTHS,  MODIFIED  BY  FREQUENCY 
/FOR  CAPSULE  VELOCITY  (5  DOUBLE) 


06000  0000 
06001  0000 
06002  0000 


05624 

'35' 

TAD  CFPTN 

0600  3 

COOO 

0 

05625 

0107 

AND  PUMP 

06004 

0000 

0 

05626 

1364 

TAD  STORE 

06005 

0000 

0 

05627 

7450 

SNA 

06006 

0000 

c 

05630 

5255 

JMP  RUN 

06007 

0000 

0 

0563' 

7510 

SPA 

06010 

0000 

0 

05632 

5265 

JMP  OPEN 

06011 

0000 

0 

05633 

5300 

JMP  CLOSE 

05634 

0000 

TEST, 

0 

/VELOCITY 

05635 

1362 

TAD  POOOO 

05636 

6701 

SP1 

06012 

0000 

ELB,  0 

05637 

67'3 

67'3 

060 13 

0000 

L 

05640 

7200 

CLA 

06014 

0000 

0 

0 5641 

6722 

6722 

060 15 

0000 

0 

05642 

661 1 

6611 

06016 

0000 

0 

05643 

6514 

6514 

06017 

0000 

0 

05644 

6512 

6512 

06020 

0000 

0 

05645 

6704 

6704 

06021 

0000 

0 

05646 

661 A 

6614 

06022 

0000 

0 

05647 

672  1 

6721 

06023 

0000 

0 

05650 

5252 

JMP  .+2 

06024 

ocoo 

0 

0565' 

5247 

JMP  .-2 

06025 

0000 

0 

05652 

6617 

6617 

06026 

0000 

0 

05653 

5334 

JMP  CHKE 

06027 

0000 

0 

05654 

5634 

PK1 , 

JMP  1 TEST 

06030 

0000 

0 

05655 

6722 

RUN, 

6722 

06031 

0000 

0 

05656 

6512 

6512 

06032 

0000 

0 

05657 

6614 

6614 

06033 

0000 

L 

0566O 

7200 

CLA 

06034 

0000 

c 

05661 

'356 

TAD  F25 

06035 

0000 

0 

05662 

6743 

SVB 

06036 

0000 

0 

05663 

7200 

CLA 

06037 

0000 

0 

/VELOCITY  SLOPES  ( 15  DOUBLE).  MOOIFIED 


05676 

5265 

JMP  OPEN 

05677 

5255 

JMP  RUN 

06050 

0000 

VELA, 

05700 

7200 

CLOSE, 

CLA 

0605 1 

0000 

0 

05701 

1357 

TAD  P32 

06052 

0000 

0 

05702 

6743 

SVB 

06053 

0000 

0 

05703 

7200 

CLA 

06054 

0000 

0 

05704 

4234 

JMS  TEST 

06055 

0000 

0 

05705 

4314 

PT2 , 

JMS  DELAY 

06056 

0000 

c 

05706 

'351 

TAD  CFPTN 

06057 

0000 

0 

05707 

0107 

AND  PUMP 

06060 

0000 

0 

05710 

1364 

TAD  STORE 

06061 

0000 

0 

057" 

7510 

SPA 

06062 

0000 

0 

05712 

5265 

JMP  OPEN 

O6O63 

0000 

0 

057'3 

5300 

JMP  CLOSE 

06064 

0000 

0 

05714 

COOO 

DELAY, 

0 

06065 

0000 

0 

05715 

05716 
057'7 
05720 

’355 

6743 

7200 

1363 

TAD  PA22 

SVB 

CLA 

TAD  NUM 

C6066 

06067 

06070 

06071 

0000 

0000 

0000 

0000 

0 

0 

0 

0 

05721 

3055 

DCA  01 

06072 

0000 

0 

05722 

6722 

6722 

06073 

0000 

0 

05723 

6721 

6721 

06074 

0000 

0 

05724 

5326 

JMP  .+2 

06075 

0000 

0 

05725 

5323 

JMP  .-2 

06076 

0000 

0 

05726 

2055 

ISZ  01 

06077 

0000 

0 

05727 

533' 

JMP  .+2 

06100 

0000 

0 

05730 

5333 

JMP  .+3 

06101 

0000 

0 

05731 

6722 

6722 

06102 

0000 

0 

05732 

5323 

JMP  .-7 

O6IO3 

0000 

0 

05733 

5714 

JMP  1 DELAY 

06104 

0000 

0 

05734 

3364 

CHKE, 

DCA  STORE 

06105 

0000 

0 

05735 

1364 

TAD  STORE 

05736 

1353 

TAD  MP144 

/LOW  1 

05737 

7510 

SPA 

05740 

5347 

JMP  PK 

06 106 

0000 

PBL,  1 

05741 

7200 

CLA 

06107 

0000 

0 

05742 

1361 

TAD  P7000 

06110 

0000 

PAL,  1 

05743 

3271 

DCA  PT1 

06111 

0000 

0 

05744 

1361 

TAD  P7000 

05745 

3305 

DCA  PT2 

05746 

5254 

JMP  PK1 

05747 

7200 

PK, 

CLA 

05750 

5254 

JMP  PK1 

06040  0000  0 

06041  0000  0 

06042  0000  C 

06043  0000  0 

06044  0000  0 

06045  0000  0 

06046  0000  0 

06047  0000  0 

/VELOCITY  INTERCEPTS  ( 15  DOUBLE),  MODIFIED 


/LOW  PRESSURE  (2  DOUBLE)  , MOOIFIED 
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/HIGH  PRESSURE  ( 2 DOUBLE)  , MODIFIED 

06112  0000  PBH,  0 

06113  0000  C 

06114  0000  PAH,  C 

06115  0000  0 

/LIQUID  PRESSURE  (2  DOUBLE)  .MODIFIED 

06116  0000  PBL I , C 

06117  0000  0 

06120  0000  PALI,  0 

L6121  COOO  0 

/TEMPERATURE  IN  (2  DOUBLE)  .MODIFIED 

06122  COOO  TBI,  0 

06123  0000  0 

06124  0000  TAI,  0 

06125  0000  0 

/TEMPERATURE  OUT  (2  DOUBLE),  MODIFIED 

06126  COOO  TBO,  0 

061 27  COOO  0 

06 130  0000  TAO,  C 

06131  0000  0 

/UNASSIGNEO  (2  DOUBLE) 

06132  0000  UN,  0 

061 33  0000  C 

06134  0000  C 

06135  0000  0 


06271  0000  0 

06272  0000  0 

06273  0000  0 

06274  COOO  C 

06275  0000  C 

06276  0000  C 

06277  COOO  C 

06300  0000  C0U5, 

(.6301  0000  0 

06302  0000  0 

06303  COOO  0 

06304.  0000  0 

06305  0000  c 

06306  000c  0 

06307  cooo  0 

06310  0000  c 

06311  COOO  L 

06312  0000  0 

06313  0000  c 

06314  0000  0 

06315  0000  0 

06316  COOO  0 

06317  cooo  0 

06320  0000  C0U6, 

0632'  0000  0 

06322  0000  0 

C6323  0000  c 

06324  0000  0 

06325  0000  c 

06326  0000  0 

06327  0000  c 

06330  0000  0 

06331  0000  0 

06332  0000  0 

06333  0000  0 

06334  0000  0 

06335  0000  0 

C6336  0000  0 

06337  0000  0 


/ PHOTOCELL  8,  FOURTH  RESULT 


/PHOTOCELL  9,  FIFTH  RESULT 


/PERMANENT  COUNTER  READINGS 

6400 

*6400 

/AND  OVERFLOWS 

/ CONVERSA' 

06400 

C212 

SAY1 , 212 

/TIME 

06401 

0322 

322/R 

/FLOW 

G6402 

0325 

325/U 

/PRESSURE 

LOW 

06403 

0316 

316/N 

/PRESSURE 

HIGH 

06404 

0240 

240 

/LIQUID  PRESSURE 

06405 

0316 

316/N 

/TEMPERATURE  IN 

06406 

0325 

325/U 

/TEMPERATURE  OUT 

06407 

0315 

315/M 

/UNASSIGNED 

06410 

0302 

302/B 

06411 

0305 

305/E 

06412 

0322 

322/  R 

06413 

0272 

272/: 

06414 

0240 

240 

6200 

*6200 

06415 

0240 

240 

06200 

COOO 

C0U1,  0 

/PH0T0CELL4 

06416 

0240 

240 

06201 

COOO 

0 

06417 

0240 

240 

06202 

COCO 

0 

06420 

0240 

240 

06203 

OCOO 

0 

06421 

0240 

240 

06204 

cooo 

0 

C6422 

0240 

240 

06205 

0000 

0 

06423 

0240 

240 

06206 

0000 

0 

C6424 

0240 

240 

06207 

0000 

l 

06425 

C240 

240 

06210 

cooo 

0 

06426 

0240 

240 

062 ' 1 

0000 

.0 

06427 

0240 

240 

062 '2 

0000 

0 

06430 

0240 

240 

06213 

0000 

0 

06431 

02  12 

SAY2 , 212 

062'4 

0000 

0 

06432 

0320 

320/ P 

06215 

cooo 

0 

06433 

0311 

311/1 

06216 

cooo 

0 

06434 

C320 

320/P 

06217 

0000 

0 

06435 

0305 

305/ E 

06220 

0000 

C0U2 , C 

/PHOTOCELL  5 , FIRST  RESULT 

06436 

0257 

257// 

06221 

0000 

0 

06437 

0314 

314/  L 

06222 

cooo 

0 

06440 

031 1 

31 1/1 

06223 

0000 

0 

06441 

0321 

321/Q 

06224 

0000 

0 

06442 

C325 

325/U 

06225 

cooo 

0 

06443 

0311 

311/1 

06226 

cooo 

0 

06227 

cooc 

0 

06444 

C304 

304/ D 

0623C 

0000 

0 

06445 

C240 

240 

062  3* 

OCOO 

0 

06446 

0303 

303/ C 

062  32 

0000 

0 

06447 

0317 

317/0 

06233 

0000 

0 

06450 

0304 

304/ D 

06451 

0305 

305/E 

06234 

cooo 

c 

06452 

0272 

272/  : 

062  35 

OCOO 

0 

06453 

0240 

240 

06236 

0000 

0 

06454 

0240 

240 

06237 

cooo 

c 

06455 

0240 

240 

06240 

cooo 

C0U3,  c 

/PHOTOCELL  6,  SECOND  RESULT 

06456 

0240 

240 

06241 

0000 

0 

06457 

0240 

240 

06242 

cooo 

c 

C6460 

0240 

240 

06243 

cooo 

0 

06461 

0240 

240 

06244 

0000 

0 

06462 

0240 

240 

06245 

0000 

0 

C6463 

0240 

240 

06246 

0000 

0 

C6464 

0240 

240 

06247 

0000 

c 

06465 

0240 

240 

06250 

0000 

c 

06466 

0212 

SAY3,  212 

06251 

cooo 

c 

06467 

0324 

324  / T 

06252 

0000 

0 

06470 

0317 

317  / c 

06253 

0000 

0 

06471 

0324 

324  / T 

06254 

cooo 

0 

06472 

C301 

301  / A 

06255 

cooo 

0 

06473 

0314 

314  / L 

06256 

0000 

0 

06474 

0240 

240 

06257 

06260 

0000 

0000 

o’ 

C0U4,  0 

/PHOTOCELL  7,  THIRD  RESULT 

C6475 

06476 

0303 

0301 

303  / c 

301  / A 

06261 

cooo 

0 

06477 

0320 

320  / P 

06262 

cooo 

0 

06500 

0323 

323  / s 

06263 

06264 

COOO 

0000 

c 

0 

06501 

06502 

0325 

0314 

325  / u 

314  / L 

06265 

0000 

l 

06503 

0305 

305  / E 

06266 

0000 

L 

C6504 

0240 

240 

06267 

0000 

0 

06270 

0000 

c 

ION 


06505 

06506 

06507 

06510 

06511 

06512 

06513 

06  5 1 ^ 

16515 

06516 

06517 

C6520 

06521 

06522 

06523 

06524 

06525 

C6526 

06527 

(.6530 

06531 

06532 

06533 

06534 

06535 

06536 

06537 

06540 

06541 

06542 

06543 

06544 

06545 

06546 

06547 

06550 

06551 

06552 

06553 

06554 

06555 

06556 

06557 

06560 

06561 

06562 

06563 

06564 

06565 

06566 

06567 

06570 

06571 

06572 

06573 

06574 

06575 

C6600 

06601 

06602 

06603 

06604 

06605 

06606 

06607 

06610 

06611 

06612 

066 1 3 

06614 

06615 

066 16 

06617 

06620 

06621 

06622 

0662  3 

16624 

06625 

06626 

06627 

C6630 

C6631 

06632 

06633 

06634 

06635 
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C327 

32  7 

/ 

W 

06636 

1350 

TAD  DIDSAV 

0305 

305 

/ 

E 

06637 

1344 

TAD  DIMSPC 

0311 

311 

/ 

1 

06640 

7450 

SNA 

0307 

307 

/ 

G 

06641 

5324 

JMP  D 1 SET  1 + 1 

0310 

310 

/ 

H 

1324 

324 

/ 

T 

06642 

1345 

7450 

TAD  DIMPLS 

0272 

272 

/ 

06643 

SNA 

C240 

240 

06644 

5324 

JMP  DISET1+1 

0240 

240 

0212 

SAY4,  212 

C6645 

1346 

TAD  OIMMNS 

4303 

303 

/ 

C 

06646 

7650 

SNA  CLA 

0301 

301 

/ 

A 

06647 

5323 

JMP  D 1 SET  1 

C320 

320 

/ 

P 

0323 

323 

/ 

S 

06650 

5302 

JMP  DIENO 

0325 

325 

/ 

u 

0314 

314 

/ 

L 

06651 

1353 

DINMBR, 

TAD  DILOHD 

0305 

305 

/ 

E 

0240 

240 

06652 

3354 

DCA  DIXTM1 

0304 

304 

/ 

D 

L305 

305 

/ 

E 

06653 

1352 

TAD  D 1 HI  HD 

0316 

316 

/ 

N 

06654 

3355 

DCA  DIXTM2 

0323 

32  3 

/ 

S 

06655 

4330 

JMS  DIOSPL 

0311 

311 

/ 

1 

C6656 

4330 

JMS  DIDSPL 

0324 

324 

/ 

j 

C6657 

1353 

TAD  DILOHD 

4331 

331 

/ 

Y 

06660 

1354 

TAD  DIXTM1 

0272 

272 

/ 

06661 

7004 

DCA  DILOHD 

0240 

240 

06662 

RAL 

0240 

240 

O6663 

1352 

TAD  D 1 HI  HD 

0240 

240 

06664 

1355 

TAD  DIXTM2 

0240 

240 

06665 

3352 

DCA  DIHIHD 

0240 

240 

06666 

4330 

JMS  DIDSPL 

1240 

240 

06667 

1350 

TAD  DIDSAV 

0240 

240 

06670 

0340 

AND  DIXMSK 

0212 

SAY5,  212 

06671 

1353 

TAD  DILOHO 

0303 

303 

/ 

C 

C301 

301 

A 

06672 

2352 

DCA  DILOHD 

0320 

4323 

320 
32  3 

/ 

/ 

P 

s 

06673 

06674 

SZL 

ISZ  DIHIHD 

0325 

325 

/ 

u 

0314 

314 

/ 

L 

/INPUT 

ROUTINE 

0305 

305 

/ 

E 

06675 

6031 

Dl  IN, 

KSF 

0240 

240 

06676 

5275 

JMP  .-1 

0316 

316 

/ 

N 

06677 

6036 

KRB 

0325 

325 

/ 

U 

06700 

6046 

TLS 

C315 

315 

/ 

M 

06701 

5214 

JMP  diproc 

C302 

302 

/ 

B 

/TERMINATING  ROUTINE 

4305 

305 

/ 

E 

06702 

7200 

DIEND, 

CLA 

0322 

0323 

322 

323 

/ 

/ 

R 

s 

06703 

06704 

1347 

7110 

TAD  DINEG1 

CLL  RAR 

0272 

272 

/ 

0240 

240 

06705 

1352 

TAD  DIHIHD 

0240 

240 

06706 

7430 

SZL 

0240 

240 

06707 

7040 

CMA 

0240 

240 

06710 

0240 

240 

3751 

DCA  1 DIGET 

0215 

2’5 

06711 

1353 

TAD  DILOHD 

0212 

212 

06712 

7430 

SZL 

06713 

7141 

CLL  CMA  1 AC 

06714 

7430 

SZL 

/DIGITAL  8-29-U 

06715 

2751 

ISZ  1 DIGET 

06716 

7000 

NOP 

/SINGLE  PRECISION  LOADER  FROM 
/INTO  COMPUTER  BINARY 

KEYBOARD  DECIMAL 

06717 

2351 

ISZ  DIGET 

/SWITCH  REGISTER  INDICATES  FIRST  STORING  ADDRESS 

06720 

3751 

DCA  1 DIGET 

6600 

*6600 

/DOUBLE  PRECISION  DEC  1 MAL-TO-B 1 

NARY  CONVERSION  AND  INPUT 

06721 

2200 

ISZ  DICONV 

/CALLING 

SEQUENCE: 

/AC  IGNORED 

06722 

5600 

JMP  1 DICONV 

/ 

JMS  DICONV  /SUBROUTINE  CALLED 

06723 

2347 

D 1 SET  1 , 

ISZ  DINEG1 

/ 

ADORES 

/ADRESS  TO  STORE  HIGH-ORDER 

06724 

7300 

CLA  CLL 

WORD 

06725 

/ 

/LOW  -ORDER  WORD  IN  ADDRESS+ 

1250 

TAD  DINMBR-' 

1 

06726 

32  35 

DCA  DICTRL 

0000 

DICONV, 

0 

06727 

5275 

JMP  D 1 1 N 

7300 

CLA  CLL 

/INITIALIZE  PROGRAM  SWITCHES 

'324 

TAD  D 1 SET  1 + 1 

/DOUBLE 

PRECISION  LEFT  SHIFT 

3235 

DCA  DICTRL 

06730 

0000 

DIDSPL, 

0 

1324 

TAD  Dl SET  1 + 1 

06731 

1353 

TAD  DILOHD 

3227 

DCA  DIXSW1 

06732 

7104 

CLL  RAL 

1600 

TAD  1 DICONV 

/PICK  UP  ADDRESS  TO 

06733 

3353 

DCA  DILOHD 

STOREHI GH-ORD . WORD 

06734 

1352 

TAD  DIHIHD 

3351 

DCA  DIGET 

06735 

7004 

RAL 

3352 

DCA  D 1 HI  HD 

/CLEAR  LOCATIONS  USED  TO 

06736 

3352 

DCA  DIHIHD 

HOLD  INCOMING 

06737 

5730 

JMP  1 DIDSPL 

IIS? 

DCA  DILOHD 

/NUMBER 

06740 

/CONSTANTS  AND  VARIABLES 

DCA  DINEG1 

/CLEAR  NEGATIVE  SWITCH 

0017 

DIXMSK, 

17 

5275 

JMP  Dl IN 

06741 

7441 

DIRBUT, 

-337 

3350 

OIPROC, 

DCA  DIDSAV 

/STORE  CHARACTER 

06742 

0057 

DIM260, 

57 

1350 

TAD  DIDSAV 

06743 

1341 

TAD  DIRBUT 

7767 

DIM271, 

-11 

7450 

SNA 

/IS  IT  a "BACK -ARROW" 

(IE.  ERASE)  KEY? 

0674A 

7540 

DIMSPC, 

-240 

5201 

JMP  DICONV+1 

/YES,  REINITIALIZE 

06745 

7765 

DIMPLS, 

-13 

1342 

TAD  DIM260 

06746 

7510 

SPA 

/IS  IT  LESS  THAN  260 

7776 

DIMMNS, 

-2 

(IE.  "t")? 

06747 

52  35 

JMP  DICTRL 

/YES,  TRANSFER  TO  SEE  WHAT 

0000 

DINEG1 , 

0 

CHARACTER  IT  IS 

06750 

0000 

DIDSAV, 

0 

1343 

TAD  DIM271 

06751 

0000 

DIGET, 

0 

7740 

SMA  SZA  CLA 

/IS  IT  GREATER  THAN  271 

06752 

0000 

D 1 HI  HD, 

c 

(IE.  "9")? 

06753 

06754 

0000 

OILOHD, 

0 

5235 

JMP  DICTRL 

/YES,  TRANSFER  TO  SEE  WHAT 

0000 

DIXTM1, 

c 

CHARACTER  IT  IS 

06755 

0000 

DIXTM2, 

c 

7300 

DIXSW1, 

CLA  CLL 

/NO,  FIRST  CHARACTER  WAS  A 

DECIMAL  DIGIT 

1234 

TAD  .+4 

/CLOSE  SWITCH  TO  GO  TO 
"DINMBR"  NEXT 

3227 

DCA  .-2 

1250 

TAD  DINMBR-' 

/SET  SWITCH  TO  SENSE 

TERMINATING  CHAR. 

3235 

DCA  DICTRL 

5251 

JMP  DINMBR 

7200 

DICTRL, 

CLA 

/CONTINUE  CHECKING  TO 

DETERMINE  CHAR. 

/IS  IT  A "SPACE"? 

/YES,  SET  SWITCH  TO 
SENSE  TERM.  CHAR. 

/IS  IT  A "FLUS"? 

/YES,  SET  SWITCH  TO 
SENSE  TERM.  CHAR. 

/IS  IT  A "MINUS"? 

/YES, SET  NEGATIVE  SWITCH 
AND  TERM. SWITCH 
/NO,  IT  WAS  A TERMINATING 
CHARACTER 

/STORE  ASSEMBLED  NUMBER 
TEMPORARILY 


/MULTIPLY  CURRENT  BY  "10" 


/PICK  UP  CURRENT  DIGIT 
/MASK  OFF  HIGH-ORDER  BITS 
/ADD  REMAINDER  TO  CURRENT 
NUMBER 

/DID  IT  OVERFLOW? 

/YES,  CORRECT  HIGH-ORDER 
WORD 


/PICK  UP  NEGATIVE  NUMBER 
/PUT  IT  INTO  LINK. 

("1"  IF  NEGATIVE) 

/PICK  UP  HIGH  ORDER  PORTION 
/IS  LINK  "1"? 

/YES,  NUMBER  NEGATIVE. 

COMPLEMENT  IT 
/STORE  IT 

/PICK  UP  LOW-ORDER  PORTION 
/IS  LINK  “1"? 

/YES,  TWO'S  COMP. IT.  IF 
OVERFLOW, LI NK=1 
/IS  LINK  "1"? 

/INDEX  HIGH-OROER  PRTION 

/TAKES  CARE  WHEN  HIGH-ORDER 
PORTION  =0 

/STORE  LOW-ORDER  POTION  OF 
NUMBER 

/INDEX  FOR  CORRECT  RETURN 
/RETURN 

/SET  NEGATIVE  SWITCH 
/CLOSE  SWITCH  TO  TRANSFER 
TO  TERMINATION 


/JUMP  TO  WAIT  FOR  NEXT 
CHARACTER 

(X2 ) 


/MASK  FOR  LAST  FOUR  BITS 
/CODE  FOR  ERASE 
/NUMBER  USED  TO  GENERATE 
CODE  "260" 

/NUMBER  USED  TO  GENERATE 
CODE  "271" 

/CODE  FOP  SPACE 
/NUMBER  USED  TO  GENERATE 
CODE  "253"  (+) 

/NUMBER  USED  TO  GENERATE 
CODE  "255"  (-) 

/STORAGE  LOCATIONS 


07000 

07001 

07002 

07003 

07004 

07005 

07006 

07007 

07010 

07011 

07012 

07013 

07014 

07015 

07016 

07017 

07020 

07021 

07022 

07023 

07024 

07025 

07026 

07027 

07030 

07031 

07032 

07033 

07034 

07035 

07036 

07037 

(.7040 

07041 

07042 

07043 

07044 

07045 

07046 

07047 

07050 

07051 

07052 

07053 

07054 

07055 

07056 

07057 

07060 

07061 

07062 

07063 

07064 

07065 

07066 

07067 

07070 

07071 

07072 

07073 

07074 

07075 

07076 

07077 

07100 

07101 

07102 

07103 

07104 

07105 

07106 

07107 

07110 


14 


7000  *7000 

/UNSIGNED  DECIMAL  PRINT,  DOUBLE  PRECISION 
/CALLING  SEQUENCE:  JMS  UDPRNT  /SUBROUTINE  CALLED 

/ HI  ADDR  /ADDRESS  OF  HIGH  ORDER  WORD 

/ RETURN  /RETURN  WITH  AC  AND  L CLEAR 


cooo 

UDPRNT, 

0 

7300 

CLA 

CLL 

1600 

TAD 

1 UDPRN' 

3267 

DCA 

UDGET 

1667 

TAD 

1 UDGET 

326.1 

DCA 

UDHIGH 

2267 

ISZ 

UDGET 

1667 

TAD 

1 UDGET 

3262 

OCA 

UOLOW 

1255 

TAD 

UDLOOP 

3260 

DCA 

UDCNT 

1256 

TAD 

UDADDR 

3270 

DCA 

UDPTR 

2200 

ISZ 

UDPRNT 

1670 

UDARND, 

TAD 

1 UDPTR 

2270 

ISZ 

UDPTR 

3263 

OCA 

UDHSUB 

1670 

TAD 

1 UDPTR 

2270 

ISZ 

UDPTR 

3264 

DCA 

UDLSUB 

7100 

UDDO, 

CLL 

1264 

TAD 

UDLSUB 

1262 

TAD 

UDLOW 

3266 

DCA 

UDTEML 

7004 

1263 

RAL 

TAD 

UDHSUB 

1261 

TAD 

UDHIGH 

7420 

5242 

SNL 

JMP 

UDOUT 

2265 

ISZ 

UDBOX 

3261 

DCA 

UDHIGH 

1266 

TAD 

UDTEML 

3262 

DCA 

UDLOW 

5224 

JMP 

UDDO 

7200 

UDOUT, 

CLA 

1265 

TAD 

UDBOX 

/PICK  UP  ADDRESS  OF 
HIGH-ORDER  WORD 

/PICK  UP  BOTH  WORDS  FOR  USE 
IN  SUBROUTINE 


/INITIALIZE  DIGIT  COUNTER 
FOR  "8" 

/INITIALIZE  TO  TABLE  OF 
POWERS  OF  TEN 

/INDEX  LINKAGE  FOR  CORRECT 
RETURN 

/PICK  UP  CURRENT  POWER  OF 
TEN  FOR 

/USE  IN  SUBTRACTION 


/DOUBLE  PRECISION 
SUBTRACTION 


/DID  IT  UNDERFLOW? 

/NO,  COUNT  IS  DONE 
/YES,  COUNT  NOT  DONE  YET. 
INDEX  DIGIT 

/DEPOSIT  REMAINING  PORTIONS 
OF  WORD 


/GO  BACK  AND  SUBTRACT  AGAIN 
/PICK  UP  RESULTING  DIGIT 


/LOGICAL  SHIFT  RIGHT  SUBROUTINES 
/DOUBLE  PRECISION 
/ENTER  WITH  -N  IN  AC 
/DATA  ADDRESS  FOLLOWS  CALLING  JMS 
/RETURN  WITH  LEAST  SIGN  IN  AC 


07111 

0000 

LSRDP, 

07112 

3335 

07113 

1711 

071 14 

3336 

07H5 

1736 

071 16 

3337 

07117 

2336 

07120 

07121 

1736 

33&0 

07122 

1337 

SHIFT, 

07123 

7110 

C 7 1 24 

333/ 

07125 

1340 

07126 

7010 

07127 

3340 

07130 

2335 

07131 

5322 

07132 

1337 

07133 

2311 

07134 

5711 

07135 

OCOO 

TIMES, 

07136 

0000 

COMMUN, 

07137 

0000 

MOSTSG, 

07140 

0000 

LESTSG, 

C 

DCA  TIMES 

TAD  I LSRDP 

DCA  COMMUN 

TAD  I COMMUN 

DCA  MQSTSG 

ISZ  COMMUN 

TAD  I COMMUN 

DCA  LESTSG 

TAD  MOSTSG  /SHIFT 

CLL  i<A,3 

DCA  MOSTSG 

TAD  LESTSG 

RAR 

DCA  LESTSG 
ISZ  TIMES 
JMP  SHIFT 
TAD  MOSTSG  /EXIT 
ISZ  LSRDP 

JMP  I LSRDP 

0 

0 

C 

0 


/DOUBLE  PRECISION 


LOOP 


07141 

0000 

SWAP, 

0 

07142 

1360 

SWLOP, 

TAD 

P0IN1 

/AD0RESS1 

07143 

7001 

1 AC 

07144 

3361 

DCA 

P0IN2 

/ADDRESS2 

07145 

1760 

TAD 

1 P0IN1 

07146 

3363 

DCA 

P0IN4 

/TEMPORARY 

07147 

3760 

DCA 

1 P0IN1 

07150 

1363 

TAD 

P0IN4 

07151 

3761 

DCA 

1 P0IN2 

/SWAPPED 

07152 

1361 

TAD 

P0IN2 

07153 

7001 

1 AC 

07154 

3360 

DCA 

F0IN1 

/NEXT  ONE 

07155 

2362 

ISZ 

P0IN3 

07156 

5342 

JMP 

SWLOP 

07157 

5741 

JMP 

1 SWAP 

07160 

0000 

P0IN1 , 

0 

07161 

0000 

P0IN2, 

0 

07162 

0000 

P0IN3, 

0 

07163 

0000 

P0IN4, 

0 

125/ 

TAD  UDTWO 

/ADD  "260"  TO  IT 

6041 

TSF 

/DOUBLE  PRECISION  INTEGER 

5245 

JMP  .-1 

/CALCULATION  SUBROUTINE 

6046 

TLS 

/TYPE  IT  OUT 

7300 

CLA  CLL 

7200 

*7200 

3265 

DCA  UDBOX 

/INITIALIZE  DIGIT  TO  "t" 

07200 

0000 

INTERP,  0 

2260 

ISZ  UDCNT 

/HAVE  WE  TYPED  "8"  DIGITS 

07201 

5203 

JMP  .+2 

5216 

JMP  UDARND 

/NO,  DETERMINE  NEXT  DIGIT 

07202 

2200 

INTRTN,  ISZ  INTERP 

07203 

7200 

CLA 

5600 

JMP  1 UDPRNT 

/YES,  SUBROUTINE  OONE . 

07204 

1600 

TAD  1 INTERP 

RETURN 

07205 

7440 

SZA 

7770 

UDLOOP, 

-10 

/COUNT  OF  "8"  DIGITS 

07206 

52  11 

JMP  .+3 

7071 

UDADDR, 

UDC0N1 

/INITIAL  ADDRESS  OF  POWERS 

07207 

2200 

ISZ  INTERP 

OF  TEN 

07210 

5600 

JMP  1 INTERP 

0260 

UDTWO, 

260 

/ 1 CODE  FOR  DIGITS 

072H 

0363 

AND  S7 

0000 

UDCNT, 

0 

/STORAGE  LOCATIONS 

07212 

3047 

DCA  ADDR 

0000 

UDHIGH, 

0 

07213 

1600 

TAD  1 INTERP 

0000 

UDLOW, 

0 

072  14 

0051 

AND  PBIT 

0000 

UDHSUB, 

0 

072  15 

7650 

SNA  CLA 

0000 

UDLSUB, 

0 

07216 

5223 

JMP  .+5 

0000 

UDBOX, 

c 

07217 

1200 

TAD  INTERP 

0000 

UDTEML, 

c 

07220 

0256 

AND  L5 

0000 

UDGET, 

0 

07221 

1047 

TAD  ADDR 

0000 

UDPTR, 

0 

07222 

3047 

DCA  ADDR 

3166 

UDC0N1 , 

3166 

/POWERS  OF  TEN 

07223 

1600 

TAD  1 INTERP 

4600 

4600 

/-10,000,000 

07224 

0052 

AND  IBIT 

7413 

7413 

/-I, 000, 000 

07225 

7650 

SNA  CLA 

6700 

6700 

07226 

5231 

JMP  .+3 

7747 

7747 

/-100.000 

07227 

1447 

TAD  1 ADDR 

4540 

4540 

07230 

3047 

DCA  ADDR 

7775 

7775 

/-10.000 

07231 

1600 

TAD  1 INTERP 

4360 

4360 

072  32 

7006 

RTL 

7777 

7777 

/-1, 000 

07233 

7006 

RTL 

6030 

6030 

07234 

0362 

AND  S3 

7777 

7777 

/-100 

07235 

1275 

TAD  TABSTR 

7634 

7634 

072  36 

3242 

DCA  TAB 

7777 

7777 

/ 1 0 

07237 

7300 

CLA  CLL 

7766 

7766 

07240 

3050 

DCA  DPSGN 

7777 

7777 

/-’ 

07241 

3364 

DCA  SAV 

7777 

7777 

07242 

5643 

TAB,  JMP  1 ,+1 

07243 

7257 

IF 

07244 

7312 

ADD 

07245 

7344 

SUB 

07246 

7400 

MULL 

07247 

7505 

DIVV 

07250 

7276 

GET 

07251 

7304 

PUT 

07252 

7253 

1 NT JMP 

07253 

1047 

1 NT JMP,  TAD  ADDR 

07254 

3200 

DCA  INTERP 

07255 

5203 

JMP  INTRTN+1 

07256 

7600 

L5,  7600 

15 


07257  2200 
07260  10<*1 

07261  7510 

07262  5271 

07263  2200 

07264  7640 

07265  5202 

07266  1040 

07267  7640 

07270  5202 

07271  7200 

07272  1600 

07273  3200 

07274  5203 

07275  5643 

07276  1447 

07277  3040 

07300  2047 

07301  1447 

07302  3041 

07303  5202 

07304  1040 

07305  3447 

07306  2047 

(.7307  1041 

07310  3447 

07311  5202 

07312  1447 

07313  1040 

0731**  3040 

07315  2047 

07316  1041 

07317  7710 
07320  2050 

07321  1447 

07322  75'0 

07323  2050 

07324  7430 

07325  7001 

07326  1364 

07327  1041 

07330  7100 

07331  7510 

07332  7020 

07333  3041 

07334  7006 

07335  1050 

07336  7006 

07337  7710 

07340  5202 

07341  7430 

07342  7000 

07343  5202 

07344  1447 

07345  7041 

07346  7430 

07347  2364 

07350  7100 

07351  1040 

07352  3040 

07353  2047 

07354  1041 

07355  7710 

07356  2050 

07357  1447 

07360  7040 

07361  5322 

07362  0007 

07363  0177 

07364  C000 

07365  0000 

07366  1040 

07367  7141 

07370  3040 

07371  '041 

07372  7040 

07373  7430 

07374  7101 

07375  3041 

07376  2050 

07377  5765 

07400  1447 

07401  3044 

07402  2047 

07403  1447 

07404  3045 

07405  3042 

07406  3043 

07407  1045 

07410  7710 

07411  4255 

07412  1041 

07413  7710 

07414  4777 

07415  1254 

07416  3046 

07417  7100 

07420  1041 

07421  7010 

07422  3041 

07423  1040 

07424  7010 

07425  3040 

07426  2046 

07427  5235 

07430  1050 

07431  7010 

07432  7430 

07433  4270 

07434  5776 

07435  7420 


IF,  ISZ  INTERP 
TAO  DPAC2 
SPA 

JMP  .+7 
ISZ  INTERP 
SZA  CIA 
JMP  INTRTN 
TAO  0PAC1 
SZA  CLA 
JMP  INTRTN 
CLA 

TAD  I INTERP 
DCA  INTERP 
JMP  INTRTN+1 
TABSTR,  JMP  I TAB+ ' 

GET,  TAD  I ADDR 
DCA  DPAC1 
ISZ  ADDR 
TAO  I ADDR 
DCA  DPAC2 
JMP  INTRTN 
PUT,  TAD  DPAC1 
DCA  I ADDR 
ISZ  aDDR 
TAD  DPAC2 
DCA  I ADDR 
JMP  INTRTN 

/ ADD  ANO  SUBTRACT  ROUTINE 
ADD,  TAD  I ADDR 
TAD  DPAC1 
DCA  0PAC1 
ISZ  ADDR 
TAD  DPAC2 
SPA  CLA 
ISZ  DPSGN 
TAD  I ADDR 
SUBENT,  SPA 
ISZ  DPSGN 
SZL 
I AC 

TAD  SAV 
TAD  DPAC2 
CLL 
SPA 
CML 

DCA  DPAC2 
RTL 

TAD  DPSGN 
RTL 

SPA  CLA 
JMP  INTRTN 
SZL 
NOP 

JMP  INTRTN 
SUB,  TAD  I ADDR 
CIA 
SZL 

ISZ  SAV 
CLL 

TAD  DPAC1 
DCA  DPAC1 
ISZ  ADDR 
TAD  DPAC2 
SPA  CLA 
ISZ  DPSGN 
TAD  I ADDR 
CMA 

JMP  SUBENT 


SAV,  C 
DPCMA,  0 

TAD  DPAC1 
CLL  CIA 
DCA  DPAC1 
TAD  DPAC2 
CMA 
SZL 

CLL  I AC 
DCA  DPAC2 
ISZ  DPSGN 
JMP  I DPCMA 
/ MULTIPLY  ROUTINE 
MULL,  TAD  I ADDR 
DCA  MULTI 
ISZ  aDDR 
TAD  I AODR 
DCA  MULT2 
DCA  DPAC3 
DCA  DPAC4 
TAD  MULT2 
SPA  CLA 
JMS  CM AML T 
TAD  DPAC2 
SPA  CLA 
JMS  I DPCMAP 
TAD  MULCNT 
DCA  MULCTR 
CLL 

MULLP,  TAD  DPAC2 
RAR 

OCA  DPAC2 
TAD  DPAC1 
RAR 

DCA  DPAC1 
ISZ  MULCTR 
JMP  .+6 
TAD  DPSGN 
RAR 
SZL 

JMS  BIGCMA 
JMP  I INRTNP 
SNL 


07436  5245 

07437  7300 

07440  1044 

07441  1042 

07442  3042 

07443  7204 

07444  1045 

07445  1043 

07446  7010 

07447  3043 

07450  1042 

07451  7010 

G7452  3042 

07453  5220 

07454  7747 

07455  0000 

07456  1044 

07457  7141 

07460  3044 

07461  1045 

07462  7040 

07463  7430 

07464  7001 

07465  3045 

07466  2050 

07467  5655 

07470  0000 

07471  4777 

07472  1042 

07473  7040 

07474  7430 

07475  7101 


JMP  .+7 
CLA  CLL 
TAD  MULTI 
TAD  DPAC3 
DCA  0PAC3 
GLK 

TAD  MULT2 
TAD  DPAC4 
RAR 

DCA  DPAC4 
TAD  DPAC3 
RAR 

DCA  DPAC3 
JMP  MULLP 
MULCNT,  -31 
/ COMPLEMENT 
CMAMLT,  0 
TAD  MULTI 
CLL  CIA 
DCA  MULTI 
TAD  MULT2 
CMA 
SZL 
I AC 

DCA  MULT2 
ISZ  DPSGN 
JMP  I CMAMLT 
BIGCMA,  0 

JMS  I DPCMAP 
TAD  DPAC3 
CMA 
SZL 

I AC  CLL 


07476  3042 

07477  1043 

07500  7040 

07501  7430 

07502  7101 

07503  3043 

07504  5670 


07505  1447 

07506  7041 

07507  3044 

07510  2047 

07511  1447 

07512  7040 

07513  7430 

07514  7101 

07515  7430 

07516  7000 

07517  3045 

07520  1045 

07521  7700 

07522  4255 

07523  1043 

07524  7710 

07525  4270 

07526  1254 

07527  3046 

07530  7300 


07531 

07532 


1042 

1044 


07533  3042 

07534  7204 

07535  1043 

07536  1045 

07537  7510 

07540  5344 

07541  7120 

07542  3043 

07543  5352 

07544  7200 

07545  1044 

07546  7041 

07547  1042 

07550  3042 

07551  7100 

07552  1040 

07553  7004 

07554  3040 

07555  1041 

07556  7004 

07557  3041 

07560  2046 

07561  5367 

07562  1050 

07563  7010 

07564  7630 

07565  4777 

07566  5776 

07567  1042 

07570  7004 


0757 

07572 


3042 

1043 


07573  7004 

07574  3043 

07575  5331 

07576  7202 

07577  7365 


DCA  DPAC3 
TAD  DPAC4 
CMA 
SZL 

I AC  CLL 
DCA  DPAC4 
JMP  I BIGCMA 
/ DIVIDE  ROUTINE 
DIVV,  TAD  I ADDR 
CIA 

DCA  MULTI 
ISZ  ADDR 
TAD  I ADDR 
CMA 
SZL 
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